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Abstract

The successful formation and characterization of 1,6-diisocyanohexane (DICH)
molecules self assembled onto Au and Pt is realized in this dissertation. Exposure of
Au substrates to methanolic solutions of DICH can result in the formation of either a
monolayer or polymeric multilayer of DICH. Cyclic voltammograms of solution-phase
redox probes at poly(DICH)-coated electrode surfaces (both Au and Pt) exhibit
behavior that demonstrates that the poly(DICH) layers are effective transport barriers.
Cross-linking of the poly(DICH) films can be increased by treating the poly(DICH)
films with aqueous Ni

2+

solutions; in addition, the free isocyanide functionalities in the

poly(DICH) films can be electrochemically converted to isocyanates. Both treatments
considerably increase the blocking capabilities of the poly(DICH) films.

Stability

experiments on poly(DICH) films performed in air demonstrate that the poly(DICH)
multilayers are physically bound to Au.
Monoisocyanides with various alkyl chain lengths (n-alkylisocyanides) are
capable of chemically binding to Au surfaces to form isocyanide monolayers. The
surface coverage, stability in organic environments, and the electrochemical blocking
capability decrease in the order: Cig-NC > C 12-NC > C6 -NC. It was found that pristine
isocyanide monolayers formed on Au surfaces can be polymerized to generate
polymeric isocyanides, poly(imines), upon being exposed to air or pure oxygen
environments for times greater than 24 h. These polymeric isocyanides are found to be
physically bound to the Au surface.
Scanning tunneling microscopy images of DICH monolayer/Au(lll) surfaces
and monoisocyanide monolayer/Au(lll) surfaces are obtained in air. It is found that

xvi
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monoisocyanide monolayer/Au surfaces are similar to those of alkanethiol monolayers
on Au, as noted by the observation of a large number of pits on such modified Au(l 11)
surfaces. It is confirmed by infrared spectroscopy and scanning tunneling microscopy
that DICH monolayers can be formed on A u(lll) by using either high dosing
concentrations and short dosing times or low dosing concentrations and long dosing
times. In addition, the pits on DICH/Au(lll) surfaces were found to diffuse to step
edges during STM imaging due to strong STM tip/sample interactions. The adsorption
of DICH films onto Au(l 11) as a function of dosing time was monitored by STM.

xvii
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Chapter I
Introduction

The ultimate goal of this work is to understand the fundamental adsorption
mechanism of organic di- and mono-isocyanides onto various metal surfaces, and
characterize the properties of the resulting films to extend the range of metals on which
stable self-assembled molecular films can be formed. One intention is to modify a
metal with a diisocyanide monolayer that contains free isocyanide end groups, which
can be used to immobilize ions, molecules, or metal clusters. In addition, the formed
monolayer would be quite stable in air and in non-aqueous environments. The other
intention is to form polymerizable isocyanide multilayers on metal surfaces from
diisocyanides, which are capable of preventing corrosion of metal surfaces.
1.1 Synopsis of Research in this Dissertation
My research work originally focused on investigations of alkyldiisocyanide
(a,ti>-diisocyanoalkane) monolayers on Au and Pt because of their possible use as
‘sticky’ surfaces (surfaces that have exposed functionalities capable of immobilizing
ions, molecules, or metal clusters) 1 and the fact that this would be a relatively
unexplored route to the derivatization of noble metal surfaces. The formation of R-NC
self-assembled monolayers (SAMs) on solid surfaces should not involve any bond
cleavage processes, and a strong chemical bonding of -N sC to metal surfaces is
expected. In addition, a,(o-diisocyanoalkanes possess the obvious advantage over other
adsorbates like alkanethiols in that the adsorption of a,(o-diisocyanoalkanes can easily
be monitored by reflection-absorption IR spectroscopy (RAIRS) due to the high

I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

intensity of the metal-bound isocyanide stretch, v(-NsC)bound. and the free isocyanide
stretch, v(-NsC)fn».
From the work of Kubiak16 (which appeared in the middle of my stay here at
LSU), it can be seen that the use of dilute solutions of a,o>-diisocyanoalkanes leads to
the production of surfaces with both -NsC functionalities of a given adsorbate bound to
the Au surface. Thus, we postulated that from simple equilibrium considerations, the
use of higher adsorbate concentrations would lead to a,<iHliisocyanoalkane monolayers
which have molecules with only one isocyanide moiety bound to the surface.
In the first part of my research work, 2 thin films of 1,6-diisocyanohexane
(DICH) were formed on Au and Pt surfaces by immersion of clean substrates in 0.0011.0 M solutions of DICH. Infrared transitions for both Au-bound and free isocyanide
functionalities were observed after Au surfaces had been placed in methanolic solutions
with DICH concentrations > 0.001 M, indicating that some portion of the DICH layer
was composed of molecules with only one of the isocyanide moieties bound to the Au
surface. In addition, polymeric DICH layers, known as poly(iminomethylenes), were
formed on Au when the Au surfaces were exposed to 0.1 M solutions of DICH, which
was noted by the presence of imine bands in the RAIR spectra of such surfaces and the
time-dependent nature of the band intensities of the imine and methylene modes. The
resulting DICH-coated Au surfaces are shown to be effective transport barriers —
substantially diminished redox responses of various solution probes were observed at
such modified electrodes. In particular, the DICH films on Pt prevented 95% oxidation
of the underlying metal surface (5% “unprotected”). It was also found in my work that
the remaining free isocyanide groups on the DICH-coated surfaces could be further
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polymerized (crossed-linked) to various extents by exposure to oxygenated aqueous
Ni2+ solutions, allowing for control of film permeability. These results point to the
possible application of poly(DICH) films in the fields of chemical sensing and corrosion
prevention of metal surfaces.
To further understand the adsorption mechanism of isocyanides on Au and Pt,
and properties of films resulting from their adsorption on Au and Pt such as
diisocyanides, n-hexylisocyanide (C6 H 13NC), n-dodecylisocyanide (C 12 H2 5 NC) and noctadecylisocyanide (C 18 H3 7 NC) were synthesized.

It was found that C6 H 13NC,

C 12H25 NC, and C 18H3 7 NC monolayers can be formed on Au surfaces by self-assembly
and only bound -NC functional groups are present, as noted by the lack of a band
associated with a free isocyanide transition in the RAIR spectra. In addition, no imine
band was found in the RAIR spectra of these pristine monolayers, which would seem to
indicate that in my previous work with DICH on Au, that poly(DICH) was generated by
reaction of free -NC functional groups with each other, not bound -NC groups.
The properties of the n-alkylisocyanide monolayers formed on Au surfaces were
further investigated by electrochemical measurements and a series of tests aimed at
understanding their stability in the laboratory environment. One of the very interesting
experimental results obtained from these studies is that these monolayers can be
converted to what appears to be poly(isocyanides) on the Au surface through exposure
of the pristine monoisocyanide monolayers to air or pure O2 for times greater than one
day. This chemical transformation was observed to occur using RAIR spectroscopy. It
was noted that the IR signal for bound -NC functionalities disappeared (after four days
exposure of monoisocyanide monolayers to air or pure O2 ), while bands indicative of

3
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poly(iminomethyienes) appeared. Furthermore, I found that the poly(iminomethylenes)
formed by exposure of the pristine isocyanide monolayers on Au to oxygen-containing
atmospheres are only physically bound to the Au surface.
Electrochemical and RAIRS data on DICH films, as well as that of isocyanide
monolayers, indicate that the free -N C functional groups of the DICH films rather than
the bound -N C functional groups, can be electrochemically transformed to -N=C=0
functional groups. These functionalities could possibly used to immobilize biological
molecules containing amines. 3
Scanning tunneling microscopy (STM) images of n-alkylmonoisocyanide
monolayers and DICH mono- and multilayers on Au were obtained. The images clearly
indicate the formation of n-alkylmonoisocyanide monolayers when Au surfaces were
exposed to dilute solutions of the n-alkylmonoisocyanides.

Similar results were

obtained for Au surfaces exposed to dilute solutions (~0.001 M) of DICH. However, at
high concentrations of DICH (> 1 M) in the dosing solution, multilayers are evident.
These experimental results are consistent with those obtained by RAIR spectroscopy.
1.2 Self-Assembled Monolayers on Solid Supports
Molecular self-assembly (MSA) at solid surfaces to fabricate organized thin
films (OTFs) of organic compounds has developed into an increasingly important
research area at the frontier of analytical, biological, and materials chemistry. 4' 10 MSA
represents a simple and powerful method of fabricating surfaces with well-defined
composition, thickness, molecular orientation and packing density. MSA can be used to
construct interfaces that allow one to gain control of the specificity and extent of
interaction between a probe molecule and a modified surface; these interactions can be
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based on ionic charge, 11' 12 hydrophobicity/hydrophilicity, 13 hydrogen-bonding, 14 probe
size, 1 5 1 6 and even identity of a probe molecule. 17 The importance of OTFs stems from
the critical role of liquid-solid and gas-solid interfaces in a host of emerging analyte
transduction mechanisms, and from the relatively high degree of structural definition
afforded by OTFs. For example, in the case of the liquid-solid interface, modification
of an electrode surface with an OTF can transform a comparatively nonselective
electron-transfer into one with an enhanced specificity based on the ionic charge,
hydrophobicity or hydrophilicity, size, and identity of the electroactive species.

In

addition, OTFs can And a variety of applications including serving as active
components in nonlinear optical devices such as waveguides and switches, 18' 19 as stable
charge-separated assemblies, 20>21 as unique two-dimensional magnetic materials, 21 as
catalysts consisting of more efficient tethered metal centers, 2 2 and as materials with
selective chemical response for sensor applications. 23' 2 5 Recently, there has been intense
interest in the synthesis and characterization of metal nanoparticles stabilized and
functional ized with OTFs, 26' 29 some of which are being used in the construction of
nanoscale devices. 3 0 Also, OTFs provide a particularly useful model for a variety of
heterogeneous phenomena including corrosion, 31 lubrication, 3 2 and adhesion33 as a
result of the relatively high degree of structural definition afforded by OTFs. Thus,
such modified surfaces hold much promise in the development of new classes of
interfaces suitable for use in advanced electronic materials, separation devices, and
chemical sensors.
Self-assembled monolayer Alms were developed many decades after the
creation of Langmuir-Blodgett (LB) films. 3 4 ,3 5 The formation of LB films relies on the

5
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formation and transfer of a single layer of amphiphilic molecules at the air-water
interface onto a solid support; the Langmuir film (air-water interface) is formed by
compressing a totally disorganized layer of amphiphilic molecules so that
intermolecular interactions are increased to the point that a semi- or fully crystalline
film is produced. Both vertical and horizontal lifting techniques can then be used to
transfer the preorganized layer (Langmuir film) onto a smooth substrate (LB film).
Multilayer structures can be formed by repetition of the transfer process. SAM films
are different from LB monolayers in that they form spontaneously upon immersion of
an appropriate substrate into a solution composed of an active surfactant in an
appropriate solvent. Today, the main preparative strategies of SAM films include
chemisorption of long-chain carboxylic acids at metals with native oxides (e.g. copper,
aluminum, silver, and chromium)4, organosilane-based monolayers linked to
hydroxylated surfaces4, and organosulfur-derived monolayers chemisorbed at gold4, a
few other metals, and semiconductors. 3
Generally speaking, the formation of SAMs is initiated by interaction of the
head group of the adsorbate with the substrate. 4 The adsorbate-substrate interaction can
range from physisorption to a covalent bond and results in a “pinning” of the head
group to a specific site on the substrate.

As a result of the head group-substrate

interaction, molecules in solution try to occupy every available (and appropriate)
binding site on the surface, and during this process the assembling molecules “push”
together molecules that have already adsorbed. If, as in the case of long-chain n-alkane
adsorbates, there are favorable interactions between the neighboring adsorbate
molecules, a large stabilization of the monolayer structure occurs, and the process of
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simple adsorption turns into that of self assembly. In most cases where the
intermolecular interactions between adsorbates is very high, the monolayer is often
times referred to as highly ordered, possibly even crystalline in nature. The van der
Waals interactions are the main forces in the case of simple alkyl chains which lead to
the order observed in long-chain monolayers. On the other hand, when a polar group is
substituted into the alkyl chain, there are also long-range electrostatic interactions that,
in some cases, are energetically more important than van der Waals attractions. As a
closing note in this sectiop, it is interesting that the terminal functionalities of most
adsorbates (functionality farthest away from the adsorbate/support interface) are
thermally disordered at room temperature.
1.3 n-Alkaneamine Monolayers on Glass
One of the earliest examples of an organic self-assembled monolayer was that of
long-chain amines on glass. 3 6 In that work, it was found quite accidentally that clean
glass surfaces placed in contact with solutions of fatty amines were found to be
autophobic, that is the surfaces repelled the solution from which they were being
removed. Further analysis of these surfaces revealed them to be very hydrophobic. In
that study, it was eluded to that such surfaces might be useful in the preparative
separation of hydrophobic and hydrophilic compounds.
1.4 Silane Monolayers
A class of SAMs that has found use in separations chemistry is silanes.
Organosilanes, particularly trihaloalkylsilanes (RS1X 3 ), can be tethered to a
hydroxylated surface by a Si-0 bond and then polymerized into 2-dimensional, crosslinked networks. 3 7 *3 9

Organosilane monolayers have been formed on a variety of
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surfaces — metal oxides, glass, silica, and the air-water interface — and this diversity
in substrate support for the silane monolayers has allowed for a very large number of
studies and applications.4 0

It is important to note that although organosilane

monolayers have been widely studied and used, they suffer from not being reproducibly
formed, having limited types of terminal group functionality due to the inherent nature
of the monolayer formation process, being prone to hydrolysis (degradation) in aqueous
media, and not being complete monolayers (stuctural disorder and “sticky” sites) . 4
1.5 Organosulfur-Based Systems
In 1983, Nuzzo and Allara first reported that dialkyldisulfides can form selfassembled monolayers on Au surfaces 41

They speculated that this occurred as the

result of the high affinity of gold for sulfur-based ligands.
demonstrated

that

a

variety

of

sulfur-containing

Indeed, it has been
compounds

(thiols, 4 2

dialkyldisulfides 4 3 dialkylsulfides44, thioethers45, and dithiocarbamates46) chemisorb at
gold and form monolayers of varying quality, as shown in Figure 1.1. However, the
majority of the work in this area of surface modification has focused on the use of thiols
and dialkyldisulfides to form monolayers on Au surfaces.
It has been proposed that thiols (RS-H) adsorb on Au as the corresponding
thiolate, leading to a monolayer structure wherein the monolayer/support interface is
best characterized as Au(I)/ ~S-R. This has been rationalized by Porter et al. 4 7 ,4 8 by
considering the adsorption process as an oxidation-reduction reaction. Indeed,
monolayers of alkanethiols can be desorbed electrochemically in alkaline media, and
the reductive desorption potential follows the expected trend with pH. However,
quantitation and confirmation of the purported product of the adsorption process (H2 )
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Cartoon depicting the processes of thiol monolayer formation on an
Au substrate.
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has been scant, due to the fact that an extremely small amount of product is expected to
form during the assembly process (~l x 10' 9 mol for every I cm2 of Au), and its
reaction with trace quantities of oxidized thiols (dialkyldisulfides) in solution is
favorable.
The structure of monolayers made by immersing Au substrates

in

dialkyldisulfides has been shown to be almost indistinguishable from that of
monolayers formed using thiols. The mechanism of dialkyldisulfide assembly on Au is
expected to be similar in some ways to that of thiols (S-S bond cleavage vs S-H
cleavage); however, there are arguments that state that thiols actually form
dialkyldisulfides on Au, and that is why the structures of the monolayers resulting from
the two different precursors are so similar. 43
As a result of these controversies, most investigators tend to utilize thiols and
not concern themselves with the mechanism of monolayer formation or the exact nature
of the S-Au interaction, but rather the properties of the surface assemblies. However,
there are many ongoing investigations — including surface extended X-ray absorption
fine structure spectroscopy work in the McCarley and Poliakoff groups4 9 ,5 0 — that
target the mechanism of adsorption and the environment near the S-Au region, for such
knowledge may aid in the production of organosulfur (or other) monolayers that are
more stable than those currently available.
It is known that thiol monolayers on Au are unstable in non-aqueous media as a
result of the adsorbate-adsorbate interactions being broken up by the organic solvent,
which in turn allows for desorption of the thiol molecule from the surface. It has been
shown that the energy of the Au-S interaction is 30-35 Kcal mol*1 and each methylene
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unit in the n-alkane chain adds roughly 0.2 Kcal mol' 1 toward stabilizing the monolayer
structure. 5 1 ,3 2 In addition, it has been demonstrated recently that the sulfur head group
of thiol monolayers on Au is prone to oxidation by ozone in the ambient, which can
lead to loss of the monolayer, and thus loss of the integrity and characteristics of the
modified surface. 33,54
1.6 MetaNIsocyanide Complexes, Isocyanide Monolayers, and Poly(isocyanides)
1.6.1 Structure of Metal-Isocyanide Complexes
In essence, the initial formation of SAMs on a substrate is a function of the
affinity of the adsorbate head group for the substrate.

From this point of view,

isocyanide compounds (R-NC) may also form SAMs on Au or Pt surfaces due to the
known strong coordination of isocyanide groups (NsC) to these metals in low-valence
metal complexes. Isocyanides may be represented by the following resonance forms
(I) and (II) . 35
r

©

j .

(I)

__________ 0

^

(II)

The best representation of the isocyanide group appears to be the polar form (II), which
has been well described by valence bond and molecular orbital approaches for the
bonding of isocyanides to metals. This description has also been used to rationalize
variations in IR stretching frequencies between bonded and free isocyanides in metal
complexes, as well as the observation that aryl isocyanides are better ic-acceptors than
alkylisocyanide groups. The contribution of the dipolar structure can been seen from
the value of the -NsC stretching vibration which is in the triple bond region of the
infrared, roughly 2 1 0 0 - 2 2 0 0 cm'1.
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In the formation of metal-isocyanide complexes, the isocyanide acts as a <xdonor ligand by binding to the metal through the lone electron pair on the carbon atom,
® ____

9

M

R - N « ™ C * — ►M

R - N — C = h»:M

(A)

(B)

as shown in A. In the meantime, B indicates that the carbon atom with a low
electronegativity and a vacant tc* orbital may also act as a rc acceptor of d electrons
through back-donation of inner d electrons of the metal to the vacant n orbitals of the
isocyanide carbon. Usually, the back donation is only partial. However, this back
donation does result in substantial increases in the stability of the isocyanide-metal
bond, particularly, when the metal is in a low valence state. In general, the compounds
are formed by covalent bonds with some double bond character (as a result of backdonation of d electrons and the 7i-acceptor function of the ligand).
Clearly, unlike the formation of R-SH SAMs, the formation of R-NC SAMs on
solid surfaces should not involve any bond cleavage processes. In addition, the nature
of the adsorbate-metal surface interaction can be determined and observed as a function
of experimental conditions through the use of infrared spectroscopy — there are large
differences in the frequency of the -N^C stretch for the various possible bonding
configurations of the isocyanide and the metal.
1.6.2 Isocyanide Monolayers on Pt and Au
The first study concerning the adsorption of an organoisocyanide on a metal
surface was reported by Friend and Muetterties in 1981.36 Although important from an
historical point of view, this isocyanide-metal system was not useful from an interfacial
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chemistry point of view due to the nature of its preparation (ultra-high vacuum
conditions).

Not until 1989 was the formation of versatile isocyanide monolayers

reported. Functionalized isocyanide monolayers on Pt were described by Whitesides
and co-workers in a brief report. 57 In their study, a redox-active phenylferrocene having
an isocyanide functional group was used to selectively modify Pt microelectrodes and
the resulting monolayer (purportedly) surfaces were characterized by electrochemistry
and suace spectroscopy.
Since that initial report by Whitesides, only a handful of investigations regarding
the formation of isocyanide monolayers on metal surfaces have been reported. Among
those reports, Angelici and co-workers have presented a series of infrared investigations
targeting the adsorption of various aryl- and alkyl-, mono- and di-isocyanides on
powdered Au. It was found that mono-isocyanides bond end-on to a single gold atom
through the terminal carbon atom of the isocyanide group. 58 Furthermore, it was shown
that 1,4-phenylene diisocyanide was bound to gold powder through only one -NC
group, and the other remains unbound. At saturation coverage, the number of moles of
adsorbed C=N-R per gram of Au decreased as the size of the R group increased, as
expected for steric reasons. Angelici has also investigated the effect of alkyl chain
length on the adsorption of n-alkylisocyanides on gold powder using diffuse reflection
infrared Fourier transform IR spectroscopy, DRIFTS. 5 9 For the isocyanides with fewer
than

12

carbon units in their alkyl tails, the equilibrium binding constants and surface

coverage were the same. Their adsorption studies showed that isocyanides are bound
strongly to the surface at low coverage (<70%), but bonding affinity is significantly
lower at higher coverage, which is attributed to the different types of Au binding sites in
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the low- and high- coverage scenarios. Also, it was found that the polarity of the dosing
solvent affected the rate of monolayer formation, surface coverage, and equilibrium
binding constants. Recently, Angelici presented an investigation of the adsorption of
mono-, bi-, and tridentate alkylisocyanides on Au powder and demonstrated the
formation of monolayers with all of the isocyanide moieties bound to the Au. 6 0 In
particular, the work with alkyldiisocyanides is intriguing because the monolayer
structure that results is expected to be strongly dependent on the number of methylene
groups between the two surface-bound isocyanide moieties.
Kubiak and co-workers have also investigated isocyanide adsorption on metals,
but the focus on their research has been on the adsorption of diisocyanides on gold. 1
They have used aryldiisocyanide monolayers on Au to produce chemically ‘sticky’
surfaces for the subsequent attachment of metal clusters ranging in size from trinuclear
nickel clusters to crystalline nanometer-scale gold clusters. Their studies also showed
that diisocyanides with flexible alkyl chain spacers can adsorb to gold surfaces with two
bound -NsC groups, similar to a staple. Almost at the same time, the preparation of
cobalt-diisocyanide multilayer films was reported by Page and co-workers; by placing
diisocyanide layers on Au surfaces in cobalt(II) solutions, then in diisocyanide
solutions, and subsequently repeating this process, they were able to make different
thickness metal-organic multilayers.61
It was reported recently that alkylisocyanides can be used as ligands for Au
metal nanoparticles (stabilizing, solubilizing coating) . 2 9 That study demonstrated that
the stable nanosized materials could also be prepared and manipulated, which broadens
the established use of thiols/Au in nanoparticle synthesis.
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1.6.3 Poly(isocyanides)
It is known that isocyanides can react with Lewis acids (such as H*) to produce
polymeric isocyanides, otherwise known as poly(iminomethylenes). In general, these
reactions are initiated by the electrophilic addition of a cationic species to an isocyanide
which generates an imidoyl cation, and then cationic polymerization of isocyanide can
take place by successive nucleophilic addition of isocyanide to the growing chain end
having the imidoyl cation structure.62,6 3
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Mechanism of poly(iminometiiylene) formation from isocyanides
using Ni(II) salts.

Metal catalysts can also be used to generate poly(iminomethylenes). In the early
1970s, Drenth and co-workers found simple salts of Ni2+ to be catalysts for the
heterogeneous polymerization of isocyanides. 6 4 ' 6 6 Recently, Novak has developed a
homogeneous

living

polymerization

system

which

is

based
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on

[(n3-

C3 Hs)Ni(OOCCF3 ) ] 2 and can be utilized to prepare poly(iminomethylenes) in a
controlled fashion. 6 6 ,6 7

One of the proposed mechanisms6 7 ,6 8 for nickel(II)-induced

polymerization of isocyanides in solution, as shown in Scheme 1.1, assumes that a
Ni2+ isocyanide complex ([Ni(CNR)4 ]2+) is first formed. Then a nucleophile, e.g.
chloride ion if NiCli is used, attacks one of the four isocyanide ligands, which
considerably increases the nucleophilicity of the attacked carbon atom, allowing it to
attack a neighboring isocyanide. The propagation and chain growth occurs via multiple
isocyanide migratory-insertion steps.
1.7 Motivation for the Research in This Dissertation
As discussed in section 1.5, most of the research on molecular self-assembly of
molecules on surfaces has been restricted to Au-thiol chemistry.4 1 "4 6 Relatively few
reports have appeared on other molecules capable of forming assembles on Au, and a
similar number of publications have focused on substrates other than Au. 3 7 One of the
ultimate goals of the research in this thesis is expansion of the range of metals on which
stable self-assembled films (SAFs) can be formed, which requires establishing new
classes of adsorbates.

The resulting new metal-SAF system can be used in the

construction of nanoscale devices and sensors, and in the field of corrosion-prevention
of metal surfaces. Considering the strong bonding of isocyanides to various metals, 35
organoisocyanides, including di- and mono- isocyanides, were chosen as ligands to
modify Au and Pt surfaces. The work described here will lead to fundamental insights
into the adsorption of isocyanides onto metal surfaces, as well as the properties of the
resulting films, both of which are essential for future applications.
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Self-assembled monolayers (SAMs) with a highly controlled molecular
architecture on solid supports find wide applications in advanced electronic materials,
separation devices, and biological sensors. 21' 3 0

Among the metal support-SAM

systems, Au/RSH is the most studied and really the only available system at present.
However, The Au/RSH systems do have some obvious disadvantages. 5 1 ,5 3 First, thiol
monolayers on Au are unstable in non-aqueous media because the thiol molecules can
be removed from the surface by the organic solvent. 51 Second, it has been found that
the sulfur head group of thiol monolayers on Au is subject to oxidation by ozone in the
ambient, resulting in loss of the monolayer from the Au. 5 3 In addition, organothiols
have been dominantly restricted to Au.
Due to their strong bonding to various metals and their potential use as a ‘sticky’
surface, diisocyanides have been used to fabricate nanoparticle assemblies, as well as
modify Au electrodes for studies of interfacial electron transfer. 1 In addition,
diisocyanides were used to make multilayer metal structures with controlled molecular
architecture. 61 However, it is not known what kind of monoisocyanide/diisocyanide
structures are present on these metal surfaces, nor how stable the structures are once
exposed to air and non-aqueous media. Also, the electrochemical properties of the
diisocyanide-modified electrodes are not known. Furthermore, it is not clear what kinds
of conditions must be satisfied to form monolayers of diisocyanides with free
isocyanide end groups.
My research work originally focused on the possible use of the diisocyanides as
a ’sticky’ surface on Au in order to immobilize ions, molecules and metal clusters.
However, it was found in this thesis that 1,6-diisocyanohexane (DICH) is subject to
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polymerization on Au and Pt surfaces under ambient conditions. The free isocyanide
groups present in the DICH films can be electrochemically oxidized to isocyanates. In
addition, it was found that DICHs, which are originally chemically bound to Au and Pt
surfaces, are polymerized on the surfaces upon exposure to air for one week, resulting
in films that are only physically bound to the surfaces. These experimental results
obtained for DICH on Au and Pt seem to indicate that free isocyanide groups in the
DICH films are the reactive participants. This led us to study n-alkylmonoisocyanides
with different alkyl chain lengths on Au.
Technological accomplishments of the work described in this dissertation
include forming polymerizable isocyanide multilayers on Au and Pt surfaces which can
completely prevent oxidation of metal surfaces. In addition, the blocking capability of
the multilayers can be increased by electrochemical oxidation or Ni(D)-catalyzed
polymerization. These films can be used in the field of corrosion protection of metal
surfaces. Fundamental outcomes of the work include data on the adsorption mechanism
of a diisocyanide and n-alky1monoisocyanides on Au and Pt surfaces; these data include
structural characterization of the resulting films with infrared spectroscopy, scanning
tunneling microscopy and electrochemistry, and the stability tests carried out in organic
solvents and in air.
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Chapter 2
Materials and Methods

2.1. Experimental
2.1.1 Chemicals
All solvents were of chromatographic grade or better and were used without
further purification.

BU4NCIO4 was prepared as reported. 1 1,6-diisocyanohexane

(Aldrich, 99%), 1,4-diisocyanobenzene (Aldrich, 99%), n-butyl isocyanide (Aldrich,
99%), hexylamine (Aldrich, 99%), octadecylamine (Aldrich, 97%), dodecylamine
(Aldrich, 99%), benzyltriethylammonium chloride (Aldrich, 99%), potassium
ferricyanide (Aldrich, 99%), and hexammineruthenium (HI) chloride (Strem, 99%) were
used as received. Distilled water was passed through a Bamstead reverse osmosis filter
followed by a Nanopure water system to yield water with a resistivity of 18

cm.

All other materials were reagent grade or better. Octadecane-l-thioi-d3 7 was from
previous work in our labotary2 and was synthesized from the bromide according to
literature methods. 3 Poly(l,6 -diisiocyanohexane) was synthesized by reacting 1,6diisiocyanohexane and NiCh ^HiO in methanol. 4
2.1.2 Synthesis of Monoisocyanides
The compounds,

n-hexyl, n-dodecyl,

and n-octadecylisocyanide,

were

synthesized with some modifications of reported methods. 5 The route to isocyanides
utilizes the phase-transfer-catalysis (benzyltriethylammonium chloride (BTAQ)
method of generating dihalocarbenes (:CC12) from chloroform and NaOH. BTAC is
soluble in both the aqueous and the organic phases. Solutions of BTAC in the basic
aqueous

phase

undergo

anion

exchange

with

hydroxide,

resulting
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in

benzyltriethylammonium hydroxide, which is soluble in the organic phase. Reaction of
hydroxide ion with CHCI3 gives :CCl2 and regenerates BTAC. All reactions were
carried out on a 5 mmol scale based on the primary amine.
To a round bottom flask was added 5 mmol primary amine dissolved in CH2 CI2 .
25 mL of a 50% (w/w) KOH solution were added to the round bottom flask followed by
addition of a 0.25 mol% benzyltriethylammonium chloride solution. To the
CH2 CI2 /KOH solution was added 2.3 equiv of CHCI3 . The reaction mixture was gently
refluxed at 40°C for 4-6 h, followed by the addition of 100 mL of 18 MQ cm water.
The organic layer was extracted with 3 x 100 mL 18 MQ cm water followed by

1

x 100

mL brine. The organic layer was dried over anhydrous sodium sulfate (Na2 S0 4 ) to
remove any residual water. Then, the volatiles were removed from the organic solution
by vacuum. The purity of the obtained product was tested by GC-MS. It was found
that small amounts of unreacted amines were present in the product. Therefore, the
remaining solutions (~5 mL) of the product were chromatographed on a 2.5 x 30 cm
silica gel column (32-60 pm silica gel, Alltech Associates, Inc.) by eluting with mobile
phase (90% CH2 CI2 +

10

% ethyl acetate or CH2 CI2 ). Fractions from the column were

monitored by thin-layer chromatography (TLC) and collected upon detection. The
amine and isocyanide on the TLC plates were visualized by use of ninhydrin in ethanol
and h/silica gel, respectively. It was found that the unreacted amine moved extremely
slowly (Rr < 0.1) under the mobile phase conditions used here, while the isocyanide
moved much more quickly (Rf - 0.8). This allowed relatively large samples to be
separated by the silica gel column chromatography method described here.

The

fractions containing the isocyanides were pooled and the organic solvent was then
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removed by vacuum. Purity of final isocyanide products was tested again by GC-MS
and found to be > 98% pure.
2.1.3 Surface Derivatization
Au and Pt electrodes were prepared from 99.999% Au and Pt wires (Refining
Systems, Las Vegas, NV). The Au and Pt wires were sealed in a soft glass tube using a
H2 flame. Electrical contact to the Pt and Au wires was made by a copper wire
previously soldered to the wires. These electrodes were mechanically polished with
sandpaper, followed by various grit diamond pastes. After electropolishing in I M
HCIO4, the electrodes were rinsed with copious amounts of 18 MQ cm water and

methanol and then blown dry with high-purity Nj gas immediately before further use.
Substrates for reflection-absorption infrared spectroscopy (RAIRS) were prepared using
99.999% Au (Refining Systems) and 99.999% Cr (Kurt J. Lesker). Glass substrates (1
m

x 3 microscope slides) were placed in a specially prepared microslide holder made
from

1 /8

in. glass rods; the rods were machined so as to have grooves that could be used

to support and separate the glass microscope slides. The entire assembly was allowed
to soak for about 30 min in freshly prepared piranha solution (70/30 (v/v) mixture of
98% HiSO4/30% H2 O2 ). Caution! Piranha is a very reactive material that should be
handled with great care. It should be disposed o f properly after use in order to prevent
explosions. The assembly was rinsed with 18 MQ cm water and then dried with N2 gas.
These substrates were immediately placed in an Edwards Auto 306 evaporator system
where metal evaporation took place. Pressures during evaporation were never more
than 10*6 Torr. The glass substrates had a 3 nm Cr adhesion layer applied to them,
followed by a 200 nm Au film. The thermal evaporation rate of Cr and Au onto the
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glass slide was 0.03 nm s*1 and 1.2 nm s'1, respectively. Deposition rates and
thicknesses were monitored with a quartz crystal microbalance. Once evaporations
were completed, the chamber was back-filled with high-purity Na; and the substrates
were immediately immersed in the dosing solution. Similar steps were taken to make
Au(l 1l)/mica substrates for STM imaging except that the Au is directly coated on mica
(Lawrence Co., New Bedford, MA); and the thickness of Au films was usually about
150 nm. In addition, the Au(l 1l)/mica was annealed at 350 °C for 4 h before being
immersed in a given dosing solution. Diisocyanide films were formed on Pt and Au
surfaces by placing the substrates in methanolic solutions of a selected diisocyanide for
various amounts of time. A similar method was used to form monoisocyanide
monolayers except that CH2 CI2 was used as solvent. No attempts were made to exclude
O2 from the isocyanide dosing solution. Upon removal from the dosing solutions,
copious amounts of methanol or CH2 CI2 were used to ensure the removal of physically
adsorbed isocyanides from the substrates. Finally, the substrates were dried with a
stream of high-purity N2 . ”

6

2.1.4 Voltammetric Measurements
In my experiments, cyclic voltammetry (CV) 2,6 was used to test the blocking
effect of DICH films, as well as that of monoisocyanide monolayers on Pt/Au electrode.
Also, we wanted to show how well protected the metal was to oxidation. CV was
performed in a normal three-electrode mode with a PAR 273A potentiostat/galvanostat
and a conventional glass electrochemical cell. The bare, DICH- or monoisocyanidecoated Au/Pt electrodes, as well as DICH- or monoisocyanide-coated Au slides, were
used as working electrodes.

Potentials were recorded versus a sodium calomel

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

reference electrode (SSCE). Double-layer capacitance measurements were obtained in
0.2 M potassium chloride solutions and oxide stripping experiments were carried out in
0.5 M sulfuric acid.
2.1.5 Infrared Spectroscopy
All infrared spectra were obtained with a Nicolet 740 FTIR system using a
liquid-nitrogen-cooled, wide-band MCT detector. The analyzing chamber was
surrounded with a polyethylene glovebag. The optical bench and sample compartment
were purged with house Na passed through a homemade water and COa scrubbing
system. Reflection spectra were collected using a versatile reflection accessory with a
retro-mirror attachment (VRA-RMA, Harrick Scientific, NY) using an incidence angle
of 8 6 ° with respect to the substrate normal. Incident light was p-polarized using wire
grid polarizer (Harrick Scientific, NY). All RAIR spectra are the result of 2000 scans
referenced to a bare Au background unless otherwise noted (C(gD3 7 SH/Au background
used for integration of the methylene region). Happ-Genze! apodization was employed
throughout the study. All spectra were obtained at 2 cm' 1 resolution. Reported peak
frequencies have errors of ±1 cm*1 (one standard deviation). Purge correction to remove
residual water vapor bands from the RAIR spectra was typically used. Baseline
correction and integration of spectra were performed using the Nicolet SX software.
2.1.6 STM Imaging
The STM images were obtained with a NanoScope m Scanning Probe
Microscope (Digital Instruments, Santa Barbara, CA) equipped with 0.8 pm x 0.8 pm
and 13 pm x 13 pm piezoelectric scanners, which were operated in air. The entire
scanning head was isolated from low- and mid- frequency vibrations by suspension
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from a homemade vibration isolation stand with a resonant frequency close to 1 Hz. In
all cases, Pt-Ir tips and freshly prepared isocyanide mono- and multi-layers on Au/mica
were used throughout the imaging. When using the 0.8 |im x 0.8 |im piezoelectric
scanner, large-scale scans were obtained in the topographic (constant current) mode to
locate the large, atomically flat crystallites.

Calibration of the piezoelectric was

obtained with highly oriented pyrolytic graphite and/or bare Au(lll). If necessary,
images were low pass filtered and flattened using the manufacturer’s software. 7
2.1.7 Contact Angle Measurements
Sessile drop contact angle measurements were obtained with a goniometer
(VCA 2000, video contact angle system, AST Inc.) employing high-purity water (18
cm). The experiments were performed at room temperature under ambient
humidity conditions. The sessile drop contact angle was determined by lowering the
needle to the surface and dispensing 2 pi of high-purity water (18 Mft cm) onto the
surface. Five independent measurements on each sample were used to calculate the
contact angle.
2.2 Theory of RAIRS, STM, and Electrochemical Measurements
2.2.1 Theory of RAIRS
To derive surface specific information from thin films or SAMs adsorbed on
substrates, FT-IR spectroscopy8 is most frequently carried out in one of two modes9:
Reflection-Absorption IR spectroscopy (RAIRS) or attenuated total internal reflection
(ATR). In the ATR mode, the incident light is coupled into a crystal, called an internal
reflection element (IRE), which is optically transparent at the wavelengths of incident
light. The incident angle of light entering the IRE is designed to be lower than the
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critical angle, 0C, resulting in the propagation of light through the IRE by multiple
reflections from the faces of the IRE. An evanescent field extends from both faces of
the IRE, and molecules within the field absorb radiation at frequencies equal to that of
their molecular vibrations, which is very similar to traditional transmission
spectroscopy. ATR-IR is very useful to analyze small amounts of sample with thin
layers in contact with the ATR crystal.
RAIRS is another technique that has been successfully used for the analysis of
extremely thin organic layers. 10 In the 1960s11 it was shown that RAIRS was a useful
tool for studying very thin organic monolayers on highly reflecting surfaces at high
angles of incidence. When light is incident on a highly reflecting metal surface, the
incident and reflected waves are able to combine to form a standing wave field. Under
the circumstance that the incidence angle is near-normal to the metal surface, the
amplitude of the standing electric wave is zero at the surface of the metal.
Consequently, the electric field is not able to interact with any molecules adsorbed on
the metal surface. When the incidence angle is non-normal, the phase change of light
reflected from a metal surface occurs, which is dependent both on the angle of
incidence and the state of polarization of the light. As shown in Figure 2.1 A, the phase
shift of electric vectors for the component polarized perpendicular to the plane of
o

incidence is close to 180 for all angles of incidence. In this case, the electric vectors of
the incident and reflected wave will nearly cancel each other for all angles of incidence,
and thus little absorption from the molecular layer on the surface is expected. When the
component is polarized parallel to the plane of incidence at high angles of incidence,
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180° out of phase

90° out of phase

Figure 2.1

Cartoon depicting phase shift of electric vector in reflection*
absorption infrared spectroscopy. (A) Perpendicular polarization
before and after reflection. (B) Parallel polarization before and
after reflection.

as shown in Figure 2.IB, the phase shift upon reflection is 90°. In this case, the
vector addition of incident and reflected vectors is non-zero, giving rise to an elliptical
standing wave which has a sizable component of electric wave normal to the metal
surface. The electric wave can then be absorbed by the molecular layers on the metal
surface. In other words, at high angles of incidence, the light reflected from the metal
surface combines with the incident light polarized parallel to the plane of incidence,
resulting in a standing electric field wave, which in turn interacts with the thin
molecular Him on the metal surface.
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The RAIRS experimental diagram is shown in Figure 2.2, in which the polarized
light parallel to the plane of incidence was used and the incident angle was > 82°.
RAIRS can give information about the direction of transition dipoles of thin molecular
layers on metal surfaces, and allow for detection of order-disorder transformations in
their structure.

Figure 2.3 shows an alkanethiol on a metal surface in a RAIRS

experiment. When an alkyl chain is normal to the metal plane, both the symmetric and
asymmetric methylene vibrations (vs(CH2 ) and va(CH2 ), respectively) are parallel to the
metal plane. In this case, the methylene groups do not have components that are
perpendicular to the surface. Consequently, the methylene groups will not be affected
by the plane-polarized light, and the vs(CH2 ) and va(CH2 ) stretching modes will not
appear in the RAIR spectrum. However, once the alkyl chain tilts away from the
surface normal, the vs(CH2 ) and va(CHi) stretching modes of the methylene will appear
in the RAIR spectrum.

p-polarized light parallel
to incident plane

Figure 2.2

Cartoon depicting the RAIRS experimental diagram.
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y s(CH3)
Va(CH3)

Va(CH3)

VS(CH2)

p-polarized light
8°

Metal

i
.

Figure 2.3

\u ^ r

a(CH2)
.(CHj)

Cartoon depicting an alkanethiol on a metal surface in an RAIRS
experiment and an in-plane diagram of the CH2 group and its
transition dipoles.

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.2.2 Theory of STM
Scanning tunneling microscopy (STM), which was developed by Binnig and
Rohrer in the early 1980s,'2 is a powerful tool for directly studying the real-space
structure and behavior of surfaces and molecular adsorbates. STM differs from other
surface characterization tools in that it has high spatial resolution and is capable of
imaging individual molecules, as well as defect sites on the surface, while the sample is
under high pressures, high temperatures, and liquid environments. Today, STM is used
to study a wide range of problems, including atomic structure of surfaces,
chemisorption, biological molecules, and the general characteristics of the solid-liquid
interface. 12
Figure 2.4 shows the typical interaction of STM tip and sample. The basic idea
of STM is to bring an atomically sharp metallic tip (e.g. tungsten) very close (< 1 nm)
to the surface of interest. The surface must have some electrical conductivity (metals or
semiconductors) and be fairly smooth. A cylindrical piezoelectric tube supports the tip.
The outer surface of this tube is divided into four electrodes. Voltages applied to these
electrodes cause bending and changes in length of the tube that are used to scan the tip
over the surface. If a small potential difference (~ I V or less) is applied between the
surface and the tip, a tunneling current will flow through the tip-sample gap as a result
of electronic overlap between atoms on the tip and atoms on the surface. At the small
distance (£

1

nm) between the tip and surface, electrons can tunnel from the tip to the

surface or from the surface to the tip on application of a bias voltage relative to the tip.
The tunneling current depends on the overlap and interaction of tip and sample electric
wave functions. The magnitude of the tunneling current is exponentially dependent on
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STM Tfc

funnel

Figure 2.4

Cartoon depicting interaction of STM tip and sample.

the distance between the tip and surface, / « e'2”*, in which / represents the tunneling
current,

k

is a variable dependent on the bias across the tip and surface, and d is the

separation distance. Because the current / decreases about one order of magnitude per ~
0 .0 1

nm of the electrical gap width, accuracy on the order of 0 . 0 1 nm can be achieved.
Basically, there are two ways to carry out STM experiments.

The first is

constant-current mode, and the second is constant-height mode. In constant-current
mode, the tip height above the sample is adjusted by means of piezoelectric transducers
to maintain a constant tunneling current; the piezoelectric transducers are under control
of voltages provided by the electric feedback loop in the STM instrument. At the same
time, a map of piezoelectric transducer voltage variation across the surface— tip height
z vs. the lateral coordinates x and y — is produced by scanning the tip (or sample)
parallel to the surface to produce a topographic image of the surface. In constant height
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mode, the tip is scanned at a fixed height, and the current I is recorded as a function of
the lateral coordinates.
2.2.3 Theory of Electrochemical Measurements
Electrochemical

measurements of heterogeneous electron

transfer and

differential capacitance can be used to study the average behavior of molecular
assemblies on surfaces and examine the nature and extent of structural defects. Cyclic
voltammetry (CV) is an experimental technique in which the potential of a working
electrode is scanned over a programmed region with respect to a reference electrode. 14
The electrode is held initially at a potential E\, then the potential is swept linearly at v
V/sec, so that the potential at any time is E(t) - E \ - v t. Kinetics of electrode processes
can be determined from the behavior of the current as a function of applied potential
£(t). For example, assuming that Fe(CN)6 3’ is selected as the electrochemical probe, if
the separation of cathodic and anodic peak currents of obtained CV is 60 mV, it can be
concluded that the one-electron redox process (Fe(CN)64' + e' <=> Fe(CN)63’ ) is
diffusion-limited or electrochemically-reversible.
CV can be used to study the integrity of monolayer structure on the electrode
surface.10a If electrons from the electrode must travel through a dense and highly
ordered packing of alkyl chains to reach the electron acceptor, the current for
heterogeneous electron transfer will be strongly decreased in comparison to a bare
electrode. As the degree of structural integrity of the monolayer decreases, due to the
appearance of pin holes, grain boundaries, trapped solvent, etc., the current for
heterogeneous electron transfer will strongly increase.

Figure 2.SA shows the i-E

responses for bare gold with ImM Fe(CN)63‘ as the electroactive species and with 1 M
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Figure 2.5

(A) CV for bare gold in 1 M KCI (••••) and in lmM
Fe(CN)63/lM KCI ( — ). (B) CV for CH3 (CH 2 ) 17 SH/Au in 1 M
KCI ( — ) and in lmM Fe(CN)63*/lM KCI ( — ). This figure is
from reference 1 0 a.

KCI as the electrolyte. 1011 The dashed lines show the i-E response with only I M KCI.
Figure 2.5B shows the i-E responses for a CH3 (CH2 )i7 SH monolayer on gold in lmM
Fe(CN)6 3'/lM KCI (dashed line) and in 1 M KCI only.10" It can be seen that the
voltammogram for the octadecyl thiol-covered gold is markedly different from that of
bare gold; the current is much lower and most of the current is capacitive, which
demonstrates the great blocking of the monolayers on the approaching of redox species
in the solution to the electrode surface.
Electrochemical capacitance measurements can provide another way to examine
the structure of molecular assemblies on the surfaces. 1011

More significantly,
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capacitance measurements provide a measure of ion approach to the electrode surface.
The capacitive behavior of molecular assemblies on electrodes can be treated as a
parallel-plate capacitor. The capacitance can be calculated using C = £oe/d, where d and
e correspond to the thickness and the dielectric constant of the molecular assemblies,
respectively, and fio is the permeativity of free space. This equation predicts that the
capacitance decreases with increasing separation between the electrode surface and the
plane of closest approach for ionic charge, and also increases with increasing dielectric
constant of the separation medium. The capacitive current of the molecular-assemblycoated electrode can be determined from the cyclic voltammograms obtained in
aqueous KCI solution, and the capacitance of a coated surface can then be calculated
using the equation i = vC<jA, where < is the measured capacitive current (pA) due to
double layer charging, v is the potential scan rate (V/s), Cd is the differential capacitance
(pA), and A is the electrode surface area (cm2). By comparison of the calculated Cd of a
molecular-assembly-coated electrode and that of the bare electrode, it is possible to gain
an understanding of the extent and nature of blocking that the molecular assembly has
on ion transport, as well as the separation of charge between the electrolyte solution and
the molecular assembly on the surface.
Oxide stripping is an electrochemical technique used to obtain information
regarding the barrier capabilities of molecular films on an electrode. 15 Typically, two
processes are involved in this technique. One is the oxidation process. When a positive
enough potential (+0.8 V vs SSCE) is applied to the bare electrode, such as gold in 0.S
M H 2 SO 4 , the surface of the gold electrode will be oxidized, generating an anodic
current peak in the cyclic voltammogram, which corresponds to the formation of gold
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oxide on the gold surface. The other is the oxide stripping (reduction) process. In this
process, when a negative enough potential is applied to the gold surface, the gold oxide
formed previously on the surface will be reduced to generate a cathodic current peak in
the cyclic voltammogram, which corresponds to the stripping (reduction) of the gold
oxide on the surface. It is reasonably expected that the oxide stripping current peaks
would be considerably decreased if the surface of the electrode is coated with a highly
compact and ordered molecular film. Also, it is assumed that the molecular film on the
surface acts as an insulator under usual electrochemical conditions.

Under these

circumstances, the fraction of the gold surface (0) that is blocked by a given molecular
film can be assessed by comparing the integrated current associated with the gold oxide
stripping peak at the molecular film-coated surface to that at the bare gold surface.
Therefore, 1-6 corresponds to the total fraction of pinholes (defects) on the coated
surface.
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Chapter 3
Adsorption and Polymerization of 1,6-Diisocyanohexane on Au and Pt

I originally became interested in diisocyanide monolayers on Au and Pt due to
their possible use as "sticky surfaces",1"

that is surfaces that have exposed

functionalities that can be used to immobilize other ions, molecules, or metal clusters.
However, from the previously mentioned work in chapter I concerning a,(tb
alkydiisocyanide adsorption on Au, 1'6 it would seem that "sticky surfaces" could not be
constructed from these molecules, unless one end of the doubly bound diisocyanide
molecules in such monolayers could be forced to release the underlying metal. It is
important to note that in the previous work with a, OFalky ldiisocyanide adsorption on
Au, dilute concentrations of the diisocyanide (-0.001 M) were used.

4-6

From simple

equilibrium considerations, we reasoned that the use of higher diisocyanide
concentrations in the dosing solutions should allow for the formation of oc,oy
alkyldiisocyanide monolayers which have molecules with only one isocyanide moiety
bound to the surface.
In this chapter, I report studies on the adsorption of 1,6-diisocyanohexane
(DICH) on Au and Pt surfaces with the concentration of the diisocyanide in the dosing
solution >0.001 M. Electrochemical and reflection-absorption infrared spectroscopy
7

(RAIRS) measurements are performed in order to obtain information about the
properties of the isocyanide films formed under such dosing conditions.

RAIRS

provides a convenient and powerful tool to monitor adsorption of DICH and study the
properties of the resulting isocyanide films on Au surfaces, due to the high intensity of
the metal-bound isocyanide stretch, vf-NsC)*,,,,,^, and the free isocyanide stretch,
v(-N=C)free. In addition, the diminution of the voltammetric response of aqueous redox
agents can be used to judge the barrier properties of the DICH films on Au and Pt.
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*

3.1 Results and Discussion
3.1.1 Electrochemistry at 1,6-Diisocyanohexane-coated Pt and Au Electrodes
The electrochemical response of Fe(CN)6 3’ at a Pt electrode that has been
exposed to a 1.0 M 1,6-diisocyanohexane (DICH) solution in HPLC grade methanol for
6

h is displayed in Figure 3.IB. Compared to the i-E response of a bare Pt electrode

(Figure 3.1 A), a very large diminution in the current response is observed at the DICHcoated Pt electrode. A similar decrease in the voitammetric response of Fe(CN)63’ was
noted when Pt electrodes were placed in solutions of 0.1 M DICH in methanol for 72 h.
These results indicate that the film which results from exposing Pt surfaces to
concentrated solutions of DICH is such that it prevents Fe(CN)63' species from
undergoing electron transfer at the Pt electrode surface. Similar, but less dramatic
effects are observed at DICH-coated Au electrodes (vide infra). It is found in general
that DICH-coated Pt electrodes demonstrate much greater blocking toward various
solution redox species than DICH-coated Au electrodes. The larger blocking ability at
Pt is assumed to be due to the greater affinity of isocyanides for Pt in comparison to
Au.*-9
To examine the generality of the behavior observed with ferricyanide at DICHcoated Pt electrodes, the i-E responses of Ru(NH3)63+ were recorded at the same bare
and coated Pt electrodes used above and are displayed in Figures 3.1C and 3.ID,
respectively.

Once again, the magnitude of the oxidation and reduction peaks

associated with the redox probe are dramatically decreased. The rising current near -0.3
V in Figure 3. ID is attributed to hydrogen evolution, as confirmed by experiments with
the same DICH-coated Pt electrode in clean 0.2 M KCI.

Although not as good a

transport barrier, the DICH films at Au yield similar results. These experimental results
suggest that only very small ions or molecules, such as H* and H2 Ot are able to readily
penetrate through the DICH films, reach the Pt electrode surface, and undergo electrontransfer reactions.
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+ 0.50

+ 0.25
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0

- 0.25 - 0.50

E (V) vs SSCE

Figure 3.1

Cyclic voltammetry of 0.002 M FeCCN)*3* ^ M KCI al a Pt
electrode with various surface treatments. (A) No treatm ent (B)
Exposure to 1.0 M 1 ,6 -diisocyanohexane (DICH) for 6 h. Cyclic
voltammograms at a Pt electrode with various surface treatments in
0.001 M Ru(NH3)**70.2 M KCI. (C) No treatment (D) Same as B.
Conditions for A-D: v = 0.02S V s*\ S = 50 xlO* A cm*2.
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To assess the effects of solvent on the blocking characteristics of DICH/Pt and
DICH/Au electrodes, voltammetry in non-aqueous electrolyte was carried out. It is
known that the transport barrier quality of n-alkanethiol monolayers on Au decreases
significantly when moving from aqueous to non-aqueous environments. 10-11

B

I-------------------- 1--------------------1

+ 0.8

+ 0.4

- 0.1

E (V) vs SSCE
Figure 3.2

Cyclic voltammetry of 0.001 M ferrocene in 0.1 M BU4NCIO4/CH 3CN
at a Pt electrode with various surface treatments. (A) No treatment.
(B) Same as in Figure IB. Conditions for A and B: v * 0.025 V s'1,
S s 128 x 10* A cm*2.
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Thus, the use of organic electrolytes may also affect the blocking capabilities of DICHcoated electrodes. For instance, the organic solvent could merely swell the alkane
chains in the DICH film or possibly go on to remove some of the chemisorbed DICH
material from the metal surface and form pinholes—both situations would lead to a
decrease in blocking capabilities in the organic electrolyte. In Figure 3.2 are displayed
the i-E responses at bare and DICH-coated ( 6 h exposure to 1.0 M DICH) Pt electrodes
for 0.001 M ferrocene in 0.1 M BU4 NCIO4 /CH3 CN. As can be seen, the DICH-coated
Pt electrode does not efficiently block ferrocene electron transfer in acetonitrile. Upon
thorough drying and subsequent placement of this electrode in the aqueous Fe(CN)63'
solution, it is clear that the barrier properties of the DICH film on the Pt electrode have
been irreversibly diminished, as shown in Figure 3.3B.

Similar results have been

obtained at Au electrodes. Thus, it would appear that some fraction of the DICH layers
at Au and Pt surfaces is removed upon exposure to acetonitrile.
Both oxide stripping' 0,12 and double-layer capacitance* measurements can be used
to obtain information regarding the barrier capabilities of a molecular film on an
electrode. Upon comparing the double-layer capacitance, Cd|, at bare and DICH-coated
Pt surfaces

(6

h exposure to 1.0 M DICH), a 20-fold decrease is found for the DICH-

coated Pt surface. A 2-fold decrease in Cd| is noted for similarly prepared DICH-coated
Au surfaces, a result which is expected based on the aforementioned difference in
blocking capabilities of DICH-coated Au and DICH-coated Pt surfaces. It has been
found previously that Cdi values are diminished by hexanethiol monolayers on Au.*

10

-fold upon formation of n-

Thus, the Cd| data at DICH-coated metal surfaces

point to the presence of a film which is able to prevent, to varying degrees, the approach
of ions to the metal surfaces. It has also been shown that the degree of protection that a
molecular film offers to the underlying substrate metal atoms can be measured through
monitoring the amount of oxide formed on the metal surface. 111'

12

In particular, the

fraction of a metal surface that is blocked by a given molecular film can be assessed by
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comparing the integrated current associated with the oxide reduction (stripping) wave at
a coated surface to that at a bare surface.

From a qualitative standpoint, it can

immediately be noted upon examining Figure 3.4 that the DICH film ( 6 h exposure to

A

B

I-------------- 1________ I

+ 0.50

+ 0.25

0

E (V) vs SSCE
Figure 3.3

Cyclic voltammetry of 0.002 M Fe(CN)63’/ 0.2 M KCI at a Pt
electrode. (A) Bare Pt electrode. (B) The electrode after potential
scan in Figure 2B. Conditions for A and B: v = 0.025 V s'1, S = 50
xlO"* A cm'2.
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1.0 M DICH) is quite effective at preventing oxide formation on Pt. A calculation of
the amount of Pt that is accessible for oxide formation in Figure 3.4 yields a value of
5%. That is to say that 95% of the Pt surface is sequestered with respect to oxide
formation. Similar experiments on Au led to a value of 82% of the Au surface being
inaccessible. These values are comparable to those found at n-octadecanethiol/Au
electrodes. 10,12

A

i__________ i___________ i

+ 0.80

+ 0.40

0

E (V) vs SSCE
Figure 3.4

Cyclic voltammetry at a Pt electrode in 0.5 M H2SO4 with various
surface treatments. (A) Bare Pt electrode. (B) Exposure to 1.0 M
1,6-diisocyanohexane (DICH) for 6 h. Conditions for A and B: v =
0.050 V s'1, S s 6.38 x 10*4 A cm*2.
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It is surprising that the DICH films on Pt and Au prepared by immersion of the
metal substrates in 0.1 M DICH solution are able to act as such efficient transport
barriers. The structure of the DICH layer is assumed to be one where either both of the
isocyanide groups of a DICH molecule are bound to the metal surface or only one of the
functionalities is bound. * - 6 In either case, the maximum thickness of the DICH layer
would be -0.5-1 nm.

Based on previous electrochemical blocking studies at n-

alkanethiol/Au surfaces, it would not seem possible that the DICH layers could be of
such high quality considering their extremely small thickness. To gain insight into the
molecular structure of the DICH films, we employed reflection-absorption infrared
spectroscopy (RAIRS).
3.1.2 Infrared Spectroscopy of 1,6-Diisocyanohexane Films on Au
As described above, 1,6-diisocyanohexane has two -N=C groups, one or both of
which could possibly bind to Au or Pt surfaces. Unlike alkanethiols, the functionality
of isocyanides that is capable of binding to the metal surface has intense IR transitions
for both the free and metal-bound species. A representative RAIR spectrum of a Au
substrate immersed in 0.1 M DICH for 24 h is displayed in Figure 3.5A. Sonication of
the DICH-coated Au surface in methanol did not lead to changes in the intensities of the
bands. The bands present at 2940 and 2861 cm*1 are due to the asymmetric va(CH2) and
symmetric vs(CH2) methylene stretching modes, respectively. These high values for the
band frequency maxima of the v^CHi) and vs(CHt) modes indicate that the DICH
chains are in a liquid-like (disordered) environment, similar to that of neat DICH (2944
and 2862 c m 1), Figure 3.5C.* Additional modes associated with the methylene groups
are noted upon inspecting the spectrum in Figure 3.5A in the 1410-1480 cm' 1 and
1315-1330 cm' 1 regions; these bands are due to the various C-H deformation, 6, and
wagging progression, Wx, modes of the alkane chain, respectively. 11 The transition at
2210 cm' 1 is assigned to the metal-bound -N=C stretching mode, vt-N sC)^,^, and that
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Figure 3.5

(A) Reflection-absorption infrared spectrum of Au exposed to 0.1 M
DICH in methanol for 24 h. (B) Reflection-absorption infrared
spectrum of Au exposed to a methanolic solution of chemically
synthesized poly(diisocyanohexane). (C) Liquid transmission
infrared spectrum of neat DICH on NaCI plates; the DICH had
previously been in methanol at 0.1 M concentration level for 24 h
under ambient laboratory conditions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

near 2149 cm' 1 to the free -NsC stretching mode, v(-N=C)free; the peak frequency
value of the v^-N^Qbound mode is in good agreement with previous reports describing
the adsorption of monoisocyanides on Au powder.3-3 However, this is the first study in
which a free isocyanide transition has been observed fo r alkyl diisocyanide layers on
Au.
The bands at 1580-1680 cm' 1 are particularly interesting because they have
never been observed in the IR spectra of DICH stored under ambient conditions. The
very broad bands in Figure 3.5C near 1630 cm-' and 3800-3200 enr 1 are attributed to
the <5(0-H) and v(0-H) modes of water remaining in the DICH after recovery from the
DICH/methanol dosing solution. The bands at 1580-1680 cm' 1 in Figure 3.5A are
tentatively ascribed to the presence of imine groups on the surface, -N=C<, and
are the result of a stretching mode, v(-N=C< ) . 14 Imine groups could only come about on
the surface through reactions of the isocyanide moieties with each other to form
polymeric isocyanides, otherwise known as poly(iminomethylenes), [R-N=C<]„.15-16'1*
To

verify that

the

bands

between

1580 and

1680 cm' 1

were

due

to

poly(iminomethylenes), clean Au surfaces were exposed to methanolic solutions of
chemically synthesized poly(diisocyanohexane) for 24 h. The resulting RAIR spectrum
is shown in Figure 3.5B. The resemblance between Figure 3.5A and 3.5B in the 15801680 c m 1 region is striking. Thus, it is confirmed that the bands between 1580 and
1680 cm' 1 (most intense peak at 1640 cm'1) in Figure 3.5A are associated with the v(N=C<) mode of poly(DICH). The existence of several bands for the v(-N=C<) mode in
chemically synthesized poly(iminomethylenes) has been previously noted and is the
result of various molecular weights of the poly(iminomethylene) being present—less
conjugated (lower molecular weight) poly(iminomethylenes) give rise to higher
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frequency transitions.13” Observation of the imine bands in the spectra of Au surfaces
exposed to 0.1 M solutions of DICH suggests that oligomerization/polymerization of
some fraction of the isocyanide groups of the DICH layer has occurred after their
adsorption on the Au surfaces, or oligomerization/polymerization of the DICH
molecules in the dosing solution occurred followed by adsorption of the
oligomer/polymer onto the metal surface through the remaining free isocyanide groups.
In either case, the remarkable nature of the voltammetric blocking data discussed above
is readily explained by the presence of a polymeric DICH layer.
3.1.3 Possible Deposition Mechanism of 1,6-Diisocyanohexane and Its Polymers on
Au and Pt Surfaces
From the data presented thus far, two possible paths for formation of polymeric
layers of DICH on Au and Pt surfaces from solutions of monomeric DICH can be
proposed. It is possible that at the relatively high concentrations of DICH used in the
dosing solutions there occurs the rapid formation of soluble oligomers or polymers of
DICH, which once formed, can adsorb onto the metal surfaces through multiple freeisocyanide moieties to form a transport barrier. An alternative explanation is that at the
high concentrations of DICH used in the dosing solutions, the majority of DICH
molecules on the metal surfaces (in monolayer form) are bound through only one
isocyanide group, leaving exposed isocyanide functionalities at the monolayer
film/dosing solution interface. Due to the proximity of these groups to each other and
the high concentration of DICH in solution, poly(DICH) is formed, in a way that is
similar to other topochemical reactions. 19 That is to say that the highly concentrated,
exposed isocyanide groups at the monolayer/solution interface act as nucleation sites for
formation of polymers. This latter situation could lead to a layer-by-layer growth of
DICH on the surface, albeit poorly defined. The two proposed mechanisms for Him
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formation are illustrated in Figure 3.6. Of course in either case, there must be some sort
of initiator present to cause the polymerization.
Millich fust synthesized poly(isocyanides) or poly(iminomethylenes) over 20
years ago from isocyanide monomers in the presence of

0 2

(an initiator) and finely

ground glass coated with sulfuric acid (a catalyst).I6a'b Later, he demonstrated that the
use of glass coated with small quantities ( 1 0 * 2 meq g l) of relatively weak acids (pKn ~2 )
can result in higher yields of much larger molecular weight polymers."'' It was
suggested that the glass surface provides an environment that is conducive to the
polymerization—a supported, highly concentrated, physisorbed isocyanide layer—by
reducing the unfavorable entropy change associated with bringing bulky groups together
and by acting as a solid-phase support for production of insoluble [R-N=C<]n.IIU This
was the major synthetic route to poly(isocyanides) for many years until transition metalcatalyzed polymerizations were realized.15'

From the work by Millich and our

observations, we support the mechanism delineated in Figure 3.6B. In the study at
hand, we believe that the Au surface acts in a way similar to that of the high surface area
glass, except the DICH molecules are covalently bound to the substrates. During the
work described here, no attempts were made to exclude 0

2

or acid impurities from the

methanolic DICH solution, thus ensuring the presence of initiator (Ox) and catalyst (H+,
\
.
the methanol used in the experiment had 0.3 meq of titrable H per liter as listed by the
manufacturer). The following data strongly support the proposed route (Figure 3.6B)
for the formation of poly(DICH) layers.
The relationship between the integrated intensity of the infrared bands of DICH
films and the exposure time of Au substrates to 0.1 M DICH in methanol is shown in
Figure 3.7. It .can be seen that the band intensity of vf-NsC^und decreases, and the
intensities of the v(-NsC)fiee, v„(CHx), and v(-N=C<) bands increase with exposure time
over the studied range of 2 min to 72 hours. The majority of the intensity changes occur
within the first 24 h of exposure. Sonication of the exposed Au slides in methanol did
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Plot of integrated IR band intensities for Au surfaces exposed to 0.1
M DICH in methanol for various times. Three replicates using three
different films were used to determine each point Error bars are
reported as ±one standard deviation.
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not lead to any significant decreases in the integrated band intensities shown in Figure
3.7, an observation which points to the fact that the accumulation of poly(DICH) is not
due to physisorbed polymer. In addition, no particulate matter attributable to high
molecular weight poly(DICH) was found in the dosing solutions, ruling out possible
"metal-catalyzed" polymerization of DICH in solution and its subsequent deposition
onto the Au. Taken collectively, these results point to the continuous formation
(accumulation) of a covalently attached poly(DICH) layer on the Au surface.
Although we cannot make any definitive conclusions about the absolute surface
densities of the free and bound isocyanide functionalities due to lack of knowledge of
their molar extinction coefficients and orientations on the surface,* it would seem, from
a qualitative point of view, that at early times (first point at 2 min) the amount of DICH
which is in the free state on the Au surface is effectively negligible with respect to that
which is bound to the surface. A reasonable model of the surface at short exposure
times in 0.1 M DICH is one where the majority of the layer is composed of DICH
molecules which are bound to the Au surface through both isocyanide moieties. The
use of short exposure times with a high DICH concentration should result in a layer
that is roughly equivalent to one formed by using a low DICH concentration and long
exposure times. Under these latter experimental conditions, monolayers are expected to
form on the substrate with both end groups of the DICH molecules bound to the surface,
as previously reported by Kubiak‘ and Angelici.* Upon immersing an Au slide in 0.001
M DICH for 24, this is found to nearly be the case as noted by the presence of an
intense band at 2210 cm*1 for the bound isocyanide and an extremely small band at 2147
cm' 1 for the free -NsC, as shown in Figure 3.8A. In addition, there is an extremely
small intensity v(-N=C<) band at 1640 cm'1. The low intensity band at 1720 cm *1 is
most likely due to the presence of carbonyl-containing species on the surface. The 1720
cm*1 band in conjunction with the band at 2270 cm*1 suggest that there are isocyanurates
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Figure 3.8

Reflection-absorption infrared spectra o f DICH films on Au as a
function of dosing conditions. (A) Immersion in 0.001 M DICH for
24 h. (B) Immersion in 0.1 M DICH for 2 min. (C) Immersion in 0.1
M DICH for 24 h.

on the surface. 19 The spectrum in Figure 3.8 A compares favorably with that of an Au
slide exposed to 0.1 M DICH for 2 min, Figure 3.8B, indicating that the two layers have
somewhat similar structures. However, there is a slight difference in the structures of
the two layers, as noted by the lower intensity (- 2 0 %) and higher band maximum
position of the vt-NsC)^,,,! mode exhibited by the layer formed from the 0.001 M
DICH solution (2221 cm’ 1 vs 2205 cm*1). Both of these observations would seem to
indicate that the DICH layer formed from the more dilute dosing solution has a lower
surface coverage of DICH molecules; Angelici has shown for various isocyanides that
the higher the surface coverage of bound isocyanide functionalities, the lower the band
frequency maximum. 9'1 In their study, it was also found that the surface coverage of
isocyanides and the time to reach a given surface coverage are strongly dependent on
dosing solution concentration, with higher solution concentrations leading to larger
coverages and shorter times to attain a particular coverage.* Thus, although there are
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differences in the structures of the doubly bound DICH layers as prepared by the two
methods, these differences are very slight. Finally, it is found that an appreciable
amount of DICH polymer is present on Au substrates after being placed in 0.1 M

Short
Dosing
Time ,

Vs
Figure 3.9

z>

Figure 3.6B
Step ii

Increased Time

I

z>
z>

Cartoon depicting the proposed adsorption/polymerization processes
of DICH.

DICH solutions for times as little as 4 h, but no significant amount of poly(DICH) is
found on the Au when substrates are placed in 0.001 M DICH solutions for times up to
5 days (spectra identical to that in Figure 3.8A). The observations described thus far are
consistent with a system wherein a DICH monolayer composed of molecules with both
end groups bound to the substrate exists under high DICH concentrations and very short
exposure times, but at longer exposure times, increased competition for Au binding sites
by solution-phase DICH becomes increasingly important. As a result, the monolayer of
doubly bound DICH molecules begins to convert to a monolayer which has a structure
that has a great majority of the molecules bound to the metal with only one isocyanide
group; the

resulting layer has

pendant isocyanide groups

at the dosing

solution/monolayer interface. Once the pendant isocyanide termini become exposed,
they can then react with isocyanides in solution (provided that catalyst and an initiator
are present) to form poly(DICH), as previously discussed and depicted in Figure 3.6B.
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Thus, Figure 3.9 must be added to Figure 3.6B in order to make for a correct description
of the proposed adsorption/polymerization process.
Upon inspecting Figure 3.7 and literature associated with the displacement of
monoisocyanides on Au by di- and triisocyanides in solution,* questions regarding
support of Figure 3.6B/3.9 come into play. As can be seen from the plot of integrated
K-N=C)bound band intensity versus time, the apparent coverage of the bound isocyanide
groups decreases to a value that is roughly 70% that at the beginning of the experiment
(compare Figure 3.8C to 3.8B), assuming that the orientation and extinction coefficient
of the -NsC groups on the surface do not change with coverage of DICH. A 5 cm-1 blue
shift in the v(-bfeC)boUnd frequency maximum is observed for the 24 h data point in
comparison to the 2 min data point, a result consistent with a decrease in surface
coverage of bound isocyanide groups.56- * This decrease in surface coverage could be
due to the displacement of the previously discussed doubly bound DICH layer by either
1. poly(DICH) possibly formed in solution or 2. solution-phase DICH, which results in
a less compact monolayer comprised of singly bound DICH molecules. A previous
study has shown that the affinity of multidentate (di- and tri-) isocyanides for Au was
found to increase with increasing number of isocyanide moieties per molecule.51-' Thus,
any poly(DICH) that might possibly be formed in the 0.1 M DICH dosing solution
could displace the doubly bound monolayer of DICH, leading to the conclusion that
Figure 3.6A is the favored pathway. We do not currently have a way to test for the
displacement of doubly bound DICH layers by chemically synthesized poly(DICH), but
it is observed that monolayers of 1,4-diisocyanobenzene on Au—a diisocyanide which
is bound through only one isocyanide functionality and has a vO-NsQbowtf frequency
maximum greatly different from that of bound poly(DICH) or doubly bound DICH—
are completely displaced by -0.001 M (with respect to monomer) solutions of
chemically synthesized poly(DICH) within 24 h. It is possible then that the poly(DICH)
films that result when Au surfaces are exposed to 0.1 M solutions of DICH in methanol
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are due to the adsorption of poly(DICH) formed in solution. However, in such a
situation, the concentration of poly(DICH) would have to be fairly large considering the
fact that the initial DICH concentration is so large; the composition of the layer
(polymer adsorbate or monomer adsorbate) would be based on the concentration of each
adsorbate and number of isocyanides per adsorbate molecule.
On the basis of the following observations, it would not appear that poiy(DICH)
possibly formed in solution adsorbs on Au and gives rise to the voltammetric results
discussed earlier.

In addition, there is no evidence to support the presence of

poly(DICH) at levels greater than roughly 5 x 10* M in the 0.1 M DICH solutions. For
example with transmission infrared measurements, if we assume a molar extinction
coefficient of 1000 M*1cm*1 for the infrared imine transition at 1640 c m 1, a typical path
length of 2 x 10‘3 cm, and a minimum detectable absorbance of 1 x 10 s AU, we find
that the concentration at the detection limit is 5 x 106 M. Similar values for the
concentration at the detection limit in GC-MS are obtained. NMR is of course much
less sensitive and has a lower limit of detection.

First, we have carried out gas

chromatography-mass spectrometry (GC-MS). The GC-MS results have not provided
evidence for the formation of oligomers in the DICH dosing solution, as shown in
Figure 3.10.

13C nuclear magnetic spectroscopy (NMR), and transmission infrared

spectroscopy were performed on solutions of 0.1 M DICH in methanol left in the
laboratory environment for times ranging from 1 h to 1 month. Formation of small
DICH oligomers should be detected with all of these methods, while only NMR and IR
would be applicable if larger molecular weight material were formed in the DICH
solutions in methanol. These analyses did not lead to the observation of any oligomeric
or polymeric DICH materials in the solution. For example, due to the symmetry of
DICH molecule, it is expected that four different chemical shifts of carbon would be
found in the l3C NMR of pure DICH solution.22 Once the oligomers of DICH were
formed in the DICH solution, a new chemical shift corresponding to the carbon of imine
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GC-MS of DICH dosing solution after being used for RAIRS and
electrochemistry experiments. (A) Total ion chromatogram. (B)
Mass spectrum of material eluting at 9 min in A.
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Figure 3.11

UC NMR of DICH in methanoi-d4 left in the laboratory for 1 month.
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should show up in the ,3C NMR. However, the ,3C NMR spectrum, as shown in Figure
3.11, of solutions of 0.1 M DICH left in the laboratory environment for about 1 month
does not show any obvious change compared to the 13C NMR of pure DICH solution. 33
The IR spectrum in Figure 3.5C is of DICH that had been recovered from a 0.1 M
solution of DICH in methanol exposed to the laboratory ambient for 24 h. In addition,
Au substrates that were exposed to the various age DICH solutions did not display any
change in the rate of appearance of the imine band in their RAIR spectra. Finally, to
rule out "metal-catalyzed" polymer formation in solution, these investigations were
repeated but with an Au slide being present in the 0.1 M DICH solution during the
entire time of the experiment.

These studies revealed no observable amount of

oligomers or polymers of DICH were formed in the solutions as a result of the Au being
present. Although we cannot say with complete certainty that no oligomers or polymers
of DICH exist in the DICH dosing solutions due to the limits of detection of the
aforementioned analytical techniques, the concentrations of such materials, if present,
would be at levels such that their presence would be inconsequential. However, so as to
learn about the characteristics of chemically synthesized poly(DICH) adsorbed on Au,
films of such materials (like that in Figure 3.5B) were tested for their blocking
capabilities toward redox probes.

It was found that voltammograms at such

poly(DICH)-coated Au electrodes displayed no blocking effect toward redox species in
aqueous solution. This is in complete disagreement with results discussed below where
Au surfaces exposed to 0.1 M solutions of DICH for similar time periods exhibit
significant blocking. Thus, the chemically synthesized polymer of DICH does not form
as good a transport barrier on Au as that formed by immersion of the substrate in 0.1 M
DICH, even though the thickness of the Him resulting from the chemically synthesized
polymer is apparently much larger (as judged by the intensity of the methylene
stretching bands). This latter result indicates that the DICH film barrier properties are
very much dependent on the conditions of DICH adsorption/polymerization.
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Figure 3.12

Reflection-absorption infrared spectra of Au substrates that have
been exposed to DICH solutions with various amounts of
concentrated hydrochloric acid added.

To investigate what role the acid plays in the oligomerization/polymerization of
DICH during the adsorption process on Au substrates, various amounts of concentrated
hydrochloric acid were added to 0.1 M DICH dosing solutions so as to yield a final acid
concentration (purposefully added) of between 10' 2 and 10 s M, as shown in Figure
3.12. Upon observing the RAIR spectra of Au substrates exposed to such solutions for
given periods of time, extremely large increases in the intensities of the methylene, free
isocyanide, and imine bands were noted. For example in the case of 10*5 M acid, it is
found that the intensity of the imine band is 50% greater when compared to that case
where no acid was added to the dosing solution. When the concentration of H+ in the
dosing solution was ~10’2 M, solid particles of poly(DICH) were observed to form
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rapidly in solution and then adsorb onto the Au substrates. In all cases studied, it was
found that although the poly(DICH) films formed by adding strong acid to the dosing
solutions were thicker (as noted infrared band intensities and the fact that they were
visible by eye) than those films made without purposefully added acid, their transport
barrier capabilities were extremely inferior.

In fact, the voltammetric response of

Fe(CN)63* at such coated electrodes was almost indistinguishable from that at bare Au.
Thus, the presence of H* in the DICH dosing solutions indeed promotes the formation
of polymeric/oligomeric DICH material in solution, but it would appear that the films
that are formed are much less compact and must follow a completely different formation
mechanism than those where hydrochloric acid has not been added.
3.1.4 Increasing the Cross-Linking of Poly(DICH) on Au and Pt Surfaces Through
the Use of Simple Ni(II) Salts
From the results presented above, it is evident that oligomer/polymer films of
1,6-diisocyanohexane can be made to form on Au and Pt substrates. However, under
the experimental conditions discussed above, there exist many free isocyanide
functionalities in the poly(DICH) films that may possibly be converted to imine cross
links.
In the early I970’s, Nolte and co-workers found simple salts of Ni2+ to be
catalysts for the heterogeneous polymerization of isocyanides.ISa In addition, Novak
recently developed a homogeneous living polymerization system based on [(rfC3 H5 )Ni(OOCCF3 ) ] 2 which can be utilized to prepare poly(isocyanides) in a controlled
fashion. 17 One of the proposed mechanisms for the nickel(II)-induced polymerization
assumes that a Ni2+-isocyanide complex is first formed in solution.'*

Then a

nucleophile, (chloride ion if NiCl2 is used) attacks the carbon of one of the coordinated
isocyanide ligands, which results in a considerable increase in the nucleophilicity of that
carbon atom. This activated carbon site is then capable of reacting with a neighboring
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isocyanide.

The polymerization occurs via multiple isocyanide migratory-insertion

steps. An oxidant, such as O2 , is needed to prevent formation of the less reactive
(slower polymerization rate) Ni(I) isocyanide complex.
To test whether Ni2+ could be used as an effective reagent for cross-linking
poly(DICH) films, Au electrodes that had been exposed to methanolic solutions of 1,6diisocyanohexane for various amounts of time and then rinsed with copious amounts of
methanol were immersed in oxygenated 0 . 1 M aqueous NiCl2 solutions for 24 h. Such
modified Au electrodes, as shown in Figure 3.13, demonstrate much greater blocking of
solution redox species after being treated with aqueous Ni2+. Similar results were
obtained at poly(DICH)/Pt surfaces. Control experiments that used pure water instead
of 0.1 M NiCli did not lead to such changes in film blocking properties. It is clear upon
inspection of Figure 3.13 that molecular Films of DICH with vastly different barrier
properties can be obtained by varying the experimental conditions. We have gone on
to show

that such a methodology can be used to fabricate films of DICH that

completely block hydrogen ion reduction. Such observations bode well for the use of
poly(DICH) films in sensor and corrosion applications.
In an effort to investigate the possible changes in film structure that accompany
such increases in film barrier properties, RAIRS measurements on Au substrates were
performed. RAIR spectra of an Au Him exposed to 0.1 M DICH for 24 h and one
treated similarly but then subsequently exposed to 0.1 M NiCl2 for 24 h are shown in
Figure 3.14.

The RAIR spectra in Figure 3.14 clearly demonstrate that the free

isocyanide is semi-quantitatively converted (-90% decrease in integrated band
intensity) to the imine (-90% increase in integrated band intensity). No significant
changes in the RAIR spectra were noted when the films were placed in oxygenated
water for the same period of time. Longer exposures to the NiCl2 solution did not result
in further loss of the free isocyanide band. The slight increases in band intensities of the
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Cyclic voltammetry in 0.2 M KCI/0.002 M KjFe(CN)6 at various
surfaces. (A)BareAu. (B) Au exposed to 0.1 M DICH in methanol
for 24 h. (C) Same as B but then exposed to 0.1 M NiC^^H^O for
24 h. (D) Same as B but 72 h exposure. (E) Same as D but then
exposed to 0.1 M NiCMiHiO for 24 h. Conditions for A-E: S s 10
x 1 0 * A cm'2, v = 0.025 V s*l.
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Figure 3.14

Reflection-absorption infrared spectra of Au substrates. (A)
Exposed to 0.1 M DICH for 24 h. (B) Subsequently exposed to 0.1
M NiClj for 24 h.

v^C H ^ and vs(CH2) modes and

the small decrease in the v(-N=C)boUnd mode are

most likely due to orientational changes incurred during the cross-linking reaction. We
currently do not have an assignment of the band at 1522 cm*1.

We conclude that

aqueous NiCl2 solutions in combination with oxygen catalyze the polymerization of free
N=C sites in the film on Au surfaces.
At this time, we do not have evidence that would permit speculation about the
cross-linking mechanism of the DICH films. However, cross-linking of the DICH films
as a result of free isocyanide functionalities binding to Ni2+ is not indicated by our
RAIRS data.1' In addition, there is no electrochemical evidence for the presence of a
Ni2+-isocyanide complex in the film . 17

Future work with X-ray photoelectron

spectroscopy should allow us to rule out such a possibility.
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3.1.5 Electrochemical Oxidation of DICH on Au
It was reported by this group23 that pyrrole monolayers on Au surfaces can be
electrochemically oxidized to form surface-confined poly(pyrrole) on Au surfaces. The
approach to formation of such a polymeric monolayer is outlined as follows. The thiol
monolayers containing pyrrole groups were confined to Au surfaces through the strong
interactions between thiol head groups and Au surfaces. Then, the pyrrole
functionalities were electrochemically oxidized, resulting in production of an unstable
radical cation which can couple with another pyrrole radical cation to form a dimer.
Linder proper potential conditions, the dimer can be further oxidized and couple with
other dimers, leading to the formation of poly(pyrrole) on the Au surface.
As discussed before, the poly(DICH) multilayers can be formed on Au surfaces
through the coupling of free isocyanide groups on the surface, which results in the
formation of imine functionalities. However, it was found in the RAIRS studies that
there are significant numbers of free isocyanide functional groups present in the
poly(DICH) multilayers. It would be expected that the blocking capabilities of the
poiy(DICH) multilayers would be further improved if the free isocyanide functionalities
present in the poly(DICH) could be coupled with each other. We were curious to find
out if the coupling could be achieved by electrochemical oxidation.
The same methods were used as before to form poly(DICH) multilayers on Au
electrodes. Briefly, the poly(DICH) multilayers were formed on Au electrodes by
placing Au electrodes in 0.1 M DICH solutions for 24 h. Then, the Au electrode coated
with poly(DICH) multilayers was electrochemically oxidized in 0.2 M KC1 aqueous
solution. Figure 3.15 shows the obtained cyclic voltammograms. A large anodic peak
was observed at about +0.7 V in the first scan, as shown in Figure 3.15A (upper trace),
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while it was not observed in the second scan, Figure 3.15A (lower trace). Also, the
anodic peak was irreversible because the corresponding cathodic peak was not observed
in the negative scan direction. In addition, it was observed that the blocking capability
of the poly(DICH)/Au electrode after being oxidized is considerably increased (Figure
3.15D) compared to that of the poly (DICH)/Au electrode prior to being oxidized
(Figure 3.15C).
To investigate the effect of electrolyte on the electrochemical oxidation of the
poly(DICH)/Au electrode, different electrolytes were used.

No cathodic peak as

observed in the cyclic voltammograms when the coated electrode was electrochemically
oxidized in 0.1 M KNO, or 0.1 M KF solution. However, it was observed that a peak
was obtained, albeit shifted negatively by 160 mV, when the electrochemical oxidation
was carried out in 0.1 M KBr. It seems that the electrochemical oxidation is somehow
associated with the nucleophilicity of the electrolyte.
As discussed before, both bound and free isocyanide functional groups were
present in the poly(DICH) multilayers formed on Au surfaces under the given
experimental conditions. To rule out the possibilities that the electrochemical oxidation
was associated with the bound isocyanides on the surfaces, an isocyanide monolayercoated Au electrode with only bound isocyanide functionalities on the surface was used
in the oxidation experiment. The monoisocyanide monolayers were formed on Au
electrodes by placing clean Au electrodes in 0.001 M hexyl isocyanide solutions in
methylene chloride for 24 h. It can be seen from Figure 3.1 SB that no cathodic peak
associated with the oxidation of the bound isocyanide in the KC1 media was observed in
the cyclic valtammogram. In addition, RAIRS of the monoisocyanide monolayer/Au
slide was carried out. In this experiment, the Au slide, which was coated with a
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Figure 3.15

Cyclic voltammetry at an Au electrode in 0.2 M KC1 (A and B). (A)
Au exposed to 0.1 M DICH for 24 h. (B) Au exposed to 0.001 M nhexylisocyanide for 24 h. Cyclic voltammetry of 0.002 M FeCCN)^
/ 0.2 M KCI at an Au electrode (C and D). (C) Prior to being
oxidized. Au exposed to 0.1 M DICH for 72 h. (D) After being
oxidized in A. Conditions for A-D: S = 50 x 10* A cm 1, v = 0.025 V
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monoisocyanide monolayer, was used as the working electrode in a regular threeelectrode electrochemical system and electrochemically oxidized in the same way as
previously mentioned. By comparison of the intensity of v f-N ^C )^ in. the RAIR
spectra prior to and after the electrochemical oxidation, it was found that no noticeable
change in the intensity of vf-N sC ),^ occurred, which strongly suggests that the
electrochemical oxidation of poly(DICH) multilayers on Au is directly related to the
free isocyanide functionalities present in the poly(DICH) multilayers.
To further understand the electrochemical oxidation of poly(DICH) multilayers
on Au, RAIRS of poly(DICH) multilayers/ Au was carried out. Figures 3.16 and 3.17
show the obtained RAIR spectra before and after electrochemical oxidation in chloride
media, respectively. As expected, the intensity of the v(-N=C)fltcband was considerably
diminished after electrochemical oxidation. However, it was worthy noting that the
intensities of the v(-N=C<),„;_. and vf-NsCL.., bands were almost unchanged after the
oxidation process, which in turn indicates that the coupling of free isocyanide
functionalities in the poly(DICH) multilayers does not occur during the electrochemical
oxidation processes. Also, in Figure 3.17, a new peak at ~2256 cm' 1 appeared in the
RAIR spectrum after electrochemical oxidation, which is attributed to the isocyanate,
, stretching mode. Apparently, a considerable number of free isocyanide functionalities
were converted to isocyanate functionalities in the electrochemical oxidation process.
Also, it was observed that the isocyanate band, v{-N=C=0), heavily overlapped with the
bound isocyanide band, vf-NsCl nl. in the RAIR spectrum.
The stability of the poly(DICH) multilayers with electrochemically generated
isocyanate functionalities on Au was tested by exposing the Au surface to air
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Reflection-absorption infrared spectrum of Au substrate
exposed to 0.1 M DICH for 24 h.
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Reflection-absorption infrared spectrum o f Au substrate in Figure
3.16 after being electrochemically oxidized in 0.2 M KCI.
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Figure 3.18

Ref1ection*absorption infrared spectrum of Au substrate in Figure
3.17 after being oxidized in air for one week.
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for one week. It was surprising to observe in Figure 3.18 that almost all isocyanides
bound to Au disappeared and the intensity of imine band, v(-N=C<)iminewas significantly
increased in the RAIRS. In addition, the highly intense v(-N=C=0) was still observed
in the RAIRS. It seems from the obtained experimental results that the polymerization
of poly(DICH) multilayers with isocyanate functionalities occurred on the Au surface
when exposed to air, resulting in the disappearance of vC-N^C)^ in the RAIRS. In
addition, the poly(DICH) multilayers were physically bound to the Au surface after
being exposed to air for one week.
3.2 Conclusions
Exposure of Au substrates to methanolic solutions of 1,6-diisocyanohexane
(DICH) can result in the formation of either a monolayer or polymeric multilayer of
DICH.

When the concentration of DICH in the dosing solution is -0.001 M,

monolayers consisting of molecules with both isocyanide moieties bound to the Au
surface result. At DICH concentrations > 0.005 M, poly(DICH) layers are formed on
the Au, as noted by the presence of infrared bands associated with the poiy(DICH)
backbone (imine stretches) in the RAIR spectra. From observation of the intensities of
the methylene and imine bands, it is noted that the amount of polymeric material on the
Au surface increases with dosing time. Cyclic voltammograms of solution-phase redox
probes at poly(DICH)-coated electrode surfaces (both Au and Pt) demonstrate that the
poly(DICH) layers are effective transport barriers. Although we currently have no
infrared data on Pt surfaces, it is assumed that deposition of poly(DICH) on Pt occurs in
a similar fashion. The remaining free isocyanide groups in the poly(DICH) films on Au
can be further reacted to various extents by exposure of the films to oxygenated aqueous
Ni2+ solutions, as noted by RAIRS and voltammetric blocking measurements. The
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resulting films on Au and Pt can be made to have different permeabilities by variation
of the exposure time in the DICH dosing solution and can ultimately have
permeabilities that result in hydrogen ion reduction being prevented. Thus, films based
on poly(DICH) may be useful in sensing and corrosion applications.

The free

isocyanide functionalities in the poly(DICH) films can be electrochemically converted
to isocyanate, which considerably increases the blocking capabilities of the poly(DICH)
films.
process.

In addition, the bound isocyanides are quite stable in this electrooxidation
The stability experiment performed in air shows that the poly(DICH)

multilayers are physically bound to Au after being exposed to air for one week.
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Chapter 4
Spectroscopic and Electrochemical Analysis of n-Alkylmonoisocyanide
Monolayers on Au

The experimental results shown in Chapter 3 have demonstrated the complicated
adsorption processes of DICH onto Au and Pt surfaces, as well as the formation of
poiy(DICH) multilayers on the metal surfaces when high concentrations of DICH are
present in the dosing solution. In this chapter, n-alkylmonoisocyanides with different
alkyl chain lengths were self assembled onto Au surfaces to yield isocyanide
monolayers by placing the Au surfaces in 0.001 M monoisocyanide/methylene chloride
solution for 24 h. The properties, as well as the stabilities, of the monoisocyanide
monolayers formed on Au surfaces were investigated by RAIRS and electrochemical
measurements. In addition, the possible polymerization of monoisocyanide monolayers
on gold surfaces upon exposure to oxygen atmospheres was also investigated by
RAIRS.
4.1 Characterization of Monoisocyanide Monolayers on Au with RAIRS
As mentioned before, RAIRS is a powerful technique to evaluate the
contribution of chain conformation, orientation, and packing to changes in monolayer
structures on Au surfaces. Monolayers on Au prepared from the self assembly of
alkanethiois of various chain lengths were studied by Porter et al. using RAIRS. 1 It was
concluded that the alkyl chains in alkanethiol monolayers are tilted 20*-35* from the
surface normal.

In addition, it was reported that SAMs on Au formed from n-

alkanethiols with more than

10

carbons (methylene units) exhibit crystalline-like

packing, as noted by the band positions at the methylene symmetric, v,(CH2 ), and
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asymmetric, va(CHa), stretches. 2,3

In my studies, RAIRS is particularly useful to

investigate the binding and packing of monoisocyanide monolayers self assembled onto
Au surfaces because isocyanides bound to Au surfaces exhibit very intense C=N
stretching modes, v(-N=C)bound. in the RAIR spectra.

Therefore, the binding and

packing of isocyanide monolayers on Au can be easily monitored by RAIRS.
Shown in Figure 4.1 are the RAIR spectra of n-octadecylisocyanide (Qg-NC),
n-dodecylisocyanide (Q2-NC), and n-hexylisocyanide (C6 -NC) adsorbed onto planar
Au surfaces as a result of 24 h immersion of Au slides in the respective dosing solution
(1 mM). First, Cig-NC is used as an example to begin the discussion. Figure 4.2 shows
the CH3 and CH2 stretching modes of the Cig-NC monolayer on Au. The band at 2964
cm*1 is assigned to the CH3 asymmetric in-plane C-H stretching mode, va(CH3), and the
bands at 2878 and 2936 cm' 1 are assigned to the symmetric C-H stretching mode,
vs(CH3 ); this latter band is split owing to Fermi resonance interactions with the lower
frequency asymmetric CH3 deformation mode around 1450 cm*1. 4 The bands at 2920
cm' 1 and 2851 cm*1 are assigned to the vaand vs CH2 modes, respectively. The band at
-1470 cm *1 is due to the various C-H deformations of the alkane chain. The band at
2230 cm *1 in Figure 4.1 A is assigned as the stretch for bound -NC groups on Au, v(NsC) bound- The va(CH2), va(CH3), v$(CH2) and v(-NsC)bound modes are selected for
structural interpretation owing to the minimal overlap, as well as intensity, of these
bands with those of other modes.
It can be seen from Figure 4.1 that all three monoisocyanides can be bound to
gold surfaces as noted by the presence of only the v(-NsC)bound band in the RAIR
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Figure 4.1

Reflection-absorption IR spectra of Au exposed to (A) 0.001 M noctadecylisocyanide, (B) 0.001 M n-dodecylisocyanide, ( C) 0.001 M
n-hexylisocyanide. All solutions are in methylene chloride and
exposure time is for 24 h.
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Figure 4.2

Reflection-absorption IR spectrum (high energy, 2600-3300 cm'1) of
n-octadecylisocyanide monolayer on Au.

spectra. The position of the band maxima for the v<-N=C)bound mode indicates the C
atom of the isocyanides is bound to only one Au atom. The position of the peak
frequencies for the va(CH2 ) and vs(CH2 ) modes provide insight into the intermolecular
environment of the alkyl chains in these assemblies. Previous IR studies have shown
that the locations of these peaks are sensitive indicators for the extent of the lateral
interactions between n-alkyl chains. For example, the peak frequency position for the
va(CH2 ) mode for a crystalline polymethylene chain and a liquid polymethylene chain
is about 2920 cm' 1 and 2928 c m 1, respectively; whereas for the vs(CH2 > mode, the peak
position for a crystalline polymethylene chain and a liquid polymethylene chain is
about 2850 cm' 1 and 2856 c m 1, respectively. 1 The IR spectrum of C |g-NC on Au
exhibits v„(CH2 ) and v^Ctfe) band frequencies (2920 cm' 1 and 2851 cm'1, respectively)
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indicative of a very ordered (crystalline-like) chain environment, but the IR spectrum of
C6-NC (va(CH2 ) and vs(CHa) band frequencies are 2928 cm *1 and 2856 cm*1,
respectively) indicates a very disordered (liquid-like) chain environment. And the
chain environment of C 12-NC (va(CH2 ) and vs(CH2 ) band frequencies are 2924 cm*1 and
2853 cm*1, respectively) is in between the crystalline-like and liquid-like environment.
It can be seen in Figure 4.1 that no imine band was present in the IR spectra of
the various /i-alky Iisocyanides on Au. From the experimental results, some immediate
conclusions can be made. First, there are no detectable isocyanide oligomers/polymers
present on the Au surfaces, otherwise, a peak associated with v(-N=C<)jmjne should be
observed in RAIRS. Second, recalling the previous discussion of DICH polymerization
in Chapter 3, the chemically bound isocyanides on Au were apparently not polymerized
on the surface during the adsorption process. It was concluded that the polymerization
of diisocyanides on Au surfaces takes place through the reaction of free isocyanide
functional groups with each other.

This observation also supports our previous

hypothesis in Chapter 3 that poly(DICHs) multilayers are formed on Au through the
coupling of free isocyanide functionalities rather other bound isocyanide functionalities.
The integrated intensity of the v(-NsC)bound mode in the IR spectra can be used
to compare the surface coverages of C|g-NC, C 12-NC, and C6 -NC. In addition, these
data can be used in the dynamic experiments described below to estimate the dosing
time required for the isocyanides to approach their saturation coverage on the Au
surface. The immersion time of the Au surfaces in the isocyanide solutions was always
24 h because all three isocyanides are able to reach saturation coverage during that
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RAIRS band intensities of pristine CH3(CH2)nNC monolayers on Au.
Three replicates using three different films were used to determine
the values. Errors are from standard deviation for 5 independent
trials.

Table 4.1

CH3 (CH2)„NC

Integrated intensity of

Peak intensity of

Coverage

v(-NsC)bound band (AU)

va(CH2 ) band (AU)

vs. C[g

n = 18

0.051 ±0.001

0.0045 ± 0.0001

n=

0.038 ±0.001

0 .0 0 2 2

12

n=6

0 .0 2 1

± 0 .0 0 2

1 .0 0

± 0 .0 0 0 1

0.49

0.0006 ± 0 . 0 0 0 1

0.13

period of time. It can be seen in Table 4.1 that the measured integrated intensities of the
v(-N=C)bound mode in the obtained IR spectra exhibit the decreasing order: C|g-NC >
C,2-NC > Ce-N C. The same order is also found for the peak intensity of the asymmetric

CHa stretching mode (the peak intensity is used rather than the integrated intensity due
to the overlap of the va(CHa) and vs(CH3> bands).
The surface coverage and chain orientation are directly related to the alkyl chain
length, and the intensity of the CH2 stretching mode of isocyanides is affected by the
surface coverage, chain orientation, and order of isocyanide monolayers. 1 It seems that
the neighboring chains of longer chain isocyanides tend to minimize free volume due to
strong attractive energy of the chain-chain interactions. In contrast, for short-chain
isocyanides, the average local chain environment appears similar to that of the bulk
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liquid phase. Therefore, the changes in the chain length actually indicate that the
physical state of the monolayers changes from a high density, crystalline-like phase to a
low density, disordered phase. It is reasonably clear that the decreasing alkyl chain
length results in the formation of a less densely packed structure, which gives rise in
turn to chain disordering, and thus more liquid-like IR spectral peak positions observed
for the short chains. The intensities of the va(CH2 ) bands for Cig-NC, Qi-NC, and C6 NC on Au indicate the tendency of the isocyanide monolayers toward disordered
structures for short chains.

It is straightforward to see that a decrease in surface

coverage with decreasing chain length would lead to a decrease in the total intensities of
the va(CH2 ) band. As discussed in Chapter 2, the intensity of the va(CHi) band will
decrease if the chains orient more perpendicular to the surface (the H-C-H plane of the
CH2 group would be more parallel to the Au surface, the plane in which the transition
dipole lies). On the other hand, for a surface monolayer, complete disordering of the
chains would randomize the orientation of the monolayer CH2 groups and possibly
increase the intensity of va(CH2 >.
4.2 Stability of Monoisocyanide Monolayers
In order to test the stability of monoisocyanide monolayers on Au substrates,
the coated Au substrates which were prepared by immersion in 0.001 M
monoisocyanide/methylene chloride for 24 h were placed in neat acetonitrile for 2 h.
Changes in the intensity of the v(-NsC)bound band in the RAIR spectra were noted for
each chain length.

As mentioned before, the changes in the intensity of the v(-

N=C)bound band in RAIR spectra are directly associated with changes in surface
coverage of isocyanides bound to Au surfaces. For the data here, it is found that the
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organic solvent, acetonitrile, can break the Au-CN bond of the isocyanides on the Au
surfaces, resulting in removal of monoisocyanides from the surface. For the C|g-NC,
C 12-NC, and C6 -NC monolayer-coated Au substrates, 8 %, 24%, and 45% decreases in
the integrated intensities of the v(-N=C)bound band were found in the RAIR spectra,
respectively, after the coated Au substrates were immersed in acetonitrile for 2 h. It is
apparent that the short-chain isocyanides are more easily removed from the Au
compared to the long-chain isocyanides. Strong interchain interactions of long-chain
monolayers, as well as highly dense packing of monolayers, such as C|g-NC, on Au
surfaces could prevent, to some extent, the acetonitrile solvent molecules from
permeating through the monolayer and approaching to the Au surface. In addition, the
more highly dense and ordered monolayers on Au would considerably decrease the
number of defects present in the monolayers.
It is interesting to note that, although some isocyanides were removed from the
surfaces in the organic environment, the integrity and characteristics of the molecular
assembles on the surfaces have not changed dramatically for the Ctg-NC and C 12-NC
monolayers on Au. No change in the frequency position of the va(CH2 ) band and only a
slight change in the ratio of va(CH2 > to v(-N=C)boumi were observed for the C|g-NC and
C 12-NC monolayers in the RAIR spectra before and after the stability test experiment.
It can be seen from Figure 4.3 that a new small peak is present at -2124 cm' 1 in the
RAIR spectra after exposure of the isocyanide-coated Au surfaces to acetonitrile for 2 h.
This new peak was tentatively attributed to the cyanide stretching mode of acetonitrile,
v(-C = N ) c h ,c n ,

bound to Au, which is indicative of the presence of some acetonitrile

molecules adsorbed on the Au surfaces. In addition, the acetonitrile peak could still be
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Figure 4.3

Reflection*absorption IR spectrum of u-octadecylisocyanide-coated
Au substrate after being exposed to neat acetonitrile for 2 h.
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observed in the RAIR spectra even after the surfaces had been stored in a nitrogen
environment for 24 h.
The nitrile group can bind to various metals via the nitrogen atom (a- or end-on
binding) or both atoms of the nitrile group (jc- or side-on binding) . 5 The CsN stretching
mode, which usually appears between 2200 and 2300 cm' 1 in IR spectra, can shift in obinding either to higher (up to -50 cm'1) or lower wavenumbers (e.g. 100 cm'l).5a The
cyanide stretching

vibration in 7i-binding mode, v(-C=N)n. appears at -1600-1750

cm'1.5c,5d The RAIR spectra obtained in the stability experiment indicate that the
acetonitrile molecules can replace, to various extents, the isocyanide monolayers on Au,
and bind to the Au via the nitrogen atom, i.e. a-binding, as noted by the peak position at
-2124 cm' 1 in the RAIR spectra. The cyanide stretching vibration, v(-C=N)frce. in neat
acetonitrile appears at -2250 cm'1, while the cyanide stretching vibration on Au in dbinding mode, v(-CsN)0, is shifted negative by -100 cm '1. The integrated intensity of
the v(-C=N)a band in the RAIR spectra were found to be 0.0010,0.0013, and 0.0027 for
Ci8 -NC, C|i-NC, and Ca-NC, respectively. Due to the disordered and sparse packing of
the short chain isocyanides on the surfaces, the Au surfaces coated with C6 -NC
monolayers allow for adsorption of the largest amounts of acetonitrile molecules on the
isocyanide-coated surfaces.
4.3 Electrochemistry of Monoisocyanide Monolayers
The blocking characteristics of the monoisocyanide-coated Au surfaces were
investigated by electrochemical measurements. The electrochemical measurement of
heterogeneous electron transfer is highly sensitive to film defects, and can provide
information about the nature and extent of the structural defects. 1
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In Figure 4.4 is displayed the electrochemical response of Fe(CN)6 3' at Au
electrodes that have been exposed to 0.001 M Qg-NC, C 12 -NC, and C6-NC in HPLC
grade CH 2 CI2 for 24 h, respectively. It can be seen that the electrochemical response of
Fe(CN)63’decreases dramatically as the alkyl chain length increases, i.e. the Qg-NC/Au
electrode has the greatest effect on the approach of redox species to the electrode
surface and subsequent electron transfer at the surface, while the C6 -NC/Au electrode
exhibits the smallest blocking effect. As discussed before, the blocking capabilities are
directly related to the alkyl chain length, which determines the nature of the monolayer
structure on the Au surfaces.

In other words, the Qg-NC monolayer on the Au

electrode acts as an efficient barrier and prevents redox species from permeating
through the C|g-NC monolayer and reacting at the electrode surface. As noted by the
virtually complete disappearance of the electrochemical response of Fe(CN)6 3' at C|gNC/Au, it would seem that the redox species are neither capable of diffusing to a bare
spot or a pin hole on the electrode surface, nor capable of permeating through the C|gNC monolayers to reach the electrode surface.
As mentioned above, acetonitrile can break the isocyanide-Au bond, resulting in
a decrease in the amount of isocyanide on the Au. Thus, the use of such a solvent for
the electrolyte may also affect the blocking capabilities of monoisocyanide-coated
electrodes toward a freely diffusing redox probe. To further study solvent effects on the
blocking capabilities of monoisocyanide-coated Au electrodes, voltammetry in nonaqueous electrolyte was carried out. From the i-E responses in Figures 4.SC and 4.SD,
which were obtained at bare and monoisocyanide-coated (24 h exposure to 0.001M C |8NC) Au electrodes in 0.001 M ferrocene/0.1 M BU4 NCIO4/CH 3 CN, it is noted that the
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Figure 4.4

Cyclic voltammetry of 0.002 M Fe(CN)63’/0.2 M KCI at a Au
electrode with various treatments. (A) No treatment. (B) Exposure
to 0.001 M n«octadecylisocyanide for 24 h. (C) Exposure to 0.001 M
n-dodecylisocyanide for 24 h. (D) Exposure to 0.001 M nhexylisocyanide for 24 h. Conditions for A-D: v = 0.025 V s'1, S = 50
x 10"* A cm'2.
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Au electrode coated with the monoisocyanide monolayer demonstrates very weak
blocking

capabilities

towards

the approach of redox species (ferrocene) to the

electrode surface. It can be seen from the previous stability experiment that some
fraction of the monoisocyanide monolayers was removed from the Au surface upon
exposure to acetonitrile.

Obviously, the removal of isocyanides from the Au can

consequently result in a decrease in the blocking capabilities of the coating. In order to
further verify our conclusion, the electrode, which was tested in organic electrolyte, was
thoroughly dried by high-purity nitrogen, and placed again in the aqueous Fe(CN)6 3’
solution. It is clear that the barrier properties of the C|g-NC-modified Au electrode
have been irreversibly diminished, as shown in Figure 4.SB.

Similar results were

obtained for Qi-NC-, and C6 -NC-modified Au electrodes. Thus, it is concluded that
some fraction of monoisocyanide monolayers are removed from Au surfaces upon
exposure to acetonitrile, which results in a decrease in the blocking capabilities of the
Au electrode. In addition, it is possible that the organic electrolyte could swell the alkyl
chains of the isocyanide monolayers, and consequently provide a channel for the redox
species to permeate through the monolayers, and react at the electrode surfaces.
As reported by Porter, 6 the surface coverage, T (mol cm'2), of thiol monolayers
on Au surfaces can be determined by electrochemical reductive desorption. In this
technique, the potential of the working electrode coated with thiol monolayers is
scanned cathodically in degassed 0.1 M KOH/H2 O electrolyte. Adsorbed thiol
molecules on Au surfaces give rise to a voltammetric peak, which is assigned to the AuSR + le* —» RS* + Au reaction. The resulting cathodic peak is integrated to give the
corresponding electrochemical charge, Q (Q , for the electrodesorption reaction. Then,
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Figure 4.5

Cyclic voltammetry of 0.002 M Fe(CN)63'/0.2 M KCI at an rtoctadecylisocyanide-coated Au electrode (A and B). (A) Exposure to
0.001 M n-octadecylisocyanide for 24 h. (B) The electrode after
potential scan in D. Conditions for A and B: v = 0.025 V s*\ S * 50
x 10* A cm*2. Cyclic voltammetry of 0.001 M ferrocene in 0.1 M
B114NCIO4/CH3CN at an Au electrode with various treatments (C
and D). (C) No treatment. (D) Same as in A. Conditions for C and
D: v * 0.025 V s 1, S = 128 x 10 * A cm'2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

the surface coverage T can be calculated for the equation Q = nFAr, where n is
the number of electrons, F is Faraday’s constant (96487 C/eq), and A is the electrode
area (cm2). Similarly, this electrochemical technique may also be used to obtain the
surface coverage of isocyanide on Au surface if an electrochemically induced
desorption could be made to occur, either oxidatively or reductively.
The desorption experiments were carried out with Au electrodes which had been
exposed to 0.001 M monoisocyanide solutions in CH2 CI2 for 24 h.

However, the

obtained reductive desorption voltammogram between 0 and -1.4 V vs. SSCE, as
shown in Figure 4.6A, did not display any cathodic peak corresponding to the reductive
desorption of isocyanides from Au surfaces, possibly due to the fact that the isocyanide
bound Au metal center is electron rich. In addition, no anodic peak was obtained in the
oxidative desorption experiment in Figure 4.6B. The above electrochemical approaches
are not capable of providing information on the surface coverage of isocyanides on Au
surfaces.
Alternatively, oxide stripping, as discussed in Chapter 2, can be used to estimate
the surface coverage, 0, of isocyanides on Au surfaces. In this technique, it is assumed
that the monolayer on the Au surface acts as a perfect insulator, i.e. the areas covered
with the monolayers on Au are electrochemically inert in the electrochemical
experiment. 7 The term (1-0) is defined as the total fraction of uncoated regions on the
electrode, which consists of defects or pinholes in the monolayer on the electrode
surface. Furthermore, it is assumed that gold oxide formation/reduction reactions
corresponding to the anodic and cathodic current peaks in the cyclic voltammograms,
which are obtained by scanning the working electrode potential in 0.5 M H2 SO4
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Figure 4.6

(A) Attempted reductive desorption of n-octadecylisocyanide
monolayers on Au electrode. (B) Attempted oxidative desorption of
n-octadecylisocyanide monolayers on Au electrode. Electrolyte is 0.1
M KOH in both A and B. Conditions for A and B: Au electrode was
exposed to 0.001 M it-octadecylisocyanide for 24 h. v = 0.025 V s*1, S
= 6.38 x 10* A cm 2.
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solutions, can only take place in these uncoated regions. In Figures 4.7A and 4.7B are
shown the cyclic voltammograms of bare and Qg-NC-coated Au electrodes in 0.5 M
H2 SO4 solutions, respectively. After comparing the integrated cathodic peak associated
with the reduction of gold oxide at the Qg-NC-Au electrode with that at a bare Au
electrode, it was estimated that ~80±5% of the electrode is covered with C|g-NC, while
~70±5%and ~60±5% of the electrode is covered with C 12-NC, and C6 -NC, respectively.
It is concluded that the surface coverage of isocyanide on Au increases with increasing
alkyl chain length, which is qualitatively consistent with the RAIRS results, as shown in
Table 4.1.
4.4 Possible Polymerization of Monoisocyanide Monolayers on Au Surfaces
It was reported8 ' 13 that organo-thiol monolayers on Au exposed to air for
prolonged periods can be oxidized to sulfinates and sulfonates as a result of reaction
with O3. Once oxidized, the thiol monolayers have demonstrated very weak surface
affinity as noted by experiments that show the oxidized thiol monolayers can be
removed from the surfaces by aqueous rinsing. In addition, it has been established that
oxidized thiol monolayers rapidly exchange with thiols when placed in fresh thiol
solutions.

Obviously, one of the interesting research topics for monoisocyanide

monolayers on Au is that focusing on understanding the stability of isocyanide
monolayers on Au after the modified Au surfaces have been exposed to air for a period
of time. As discussed in Chapter 3, the free isocyanides present in the poly(DICH)
multilayers can almost be completely converted to isocyanates by electrochemical
oxidation. Then the oxidized poly(DICH) films can further be polymerized on the Au
surface once exposed to air for one week, which is evidenced by the disappearance of
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Figure 4.7

Cyclic voltammetry at an Au electrode in 0.5 M H2S 0 4 with
various surface treatments. (A) Bare Au electrode. (B)
Exposure to 0.001 M ra-octadecylisocyanide for 24 h.
Conditions for A and B: v = 0.025 V s'1, S = 6.38 x 10-4 A cm'2.
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the K-N=C)bound band and the considerable increase in the intensity of the v(-N=C<)imine
band in the RAIR spectra. In addition, the poly(DICH) films, which originally are
chemically bound to Au, are converted such that they are physically bound to the Au
after being exposed to air for one week.
In the experiment here focusing on the air stability of R-NC/Au, the
monoisocyanide monolayers were formed on Au surfaces by placing the Au substrates
in 0.001 M monoisocyanide solutions in methylene chloride for 24 h. Then, RAIRS
was performed to obtain structural information on the pristine monoisocyanide
monolayers on Au. Then, the pristine monolayers on Au were exposed to air for 4 days
and RAIRS was performed again to monitor any change in the monolayer structure on
the surface. It was found from the RAIR spectra, as shown in Figures 4.8B and 4.8C,
that the bound isocyanide band was almost completely absent, while a new peak in the
range of 1580-1660 cm'1attributed to v(-N=C<)iniine was present (compared to Figure
4.8A). However, it is apparent that the isocyanide monolayers, as judged by RAIRS,
did not change when the pristine monolayer coated Au substrates were exposed to
nitrogen environments for the same amount of time (4 days).
Studies on the nickel(I)-catalyzed polymerization of isocyanides in ethanol have
shown a strong dependence of the isocyanide polymerization reaction on the presence
of oxygen.14 It was reported149 that isocyanide polymerizations run under 1 atm of air
give high yields (>90%) of polymer in less than Ih. Passing 02 over a sluggish
polymerization run under N2 leads to an immediate increase in polymer formation.
Considering the obtained experimental results in my work, it appears that the oxygen in
air is also attributed to the isocyanide polymerization on the Au surface. To verify this
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Figure 4.8

(A) Reflection-absorption IR spectrum of Au exposed to 0.001 M ndodecylisocyanide in methylene chloride for 24 h. (B) Au substrate
in (A) was exposed to air for 4 days (C) Au substrate in (A) was
exposed to pure oxygen environment for 4 days.
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hypothesis, a preliminary experiment was done, in which the Au surfaces were exposed
to a pure oxygen environment (UHP 02 99.999%) for four days. Similar experiment
results were obtained, as seen in Figure 4.8C. Because the intensity of the bound
isocyanide transition was so minute in the RAIR spectra of isocyanide monolayers
exposed to air for 4 days, it is clear that the formed isocyanide polymers must be
physically bound to the Au surface.
As mentioned in Chapter 1, one proposed mechanism for isocyanide
polymerizations in solution which was catalyzed by nickel(II) involves successive
insertions of coordinated isocyanides into a propagating iminoacyl group attached to
square planar nickel(II).15 It was reported1411 later that isocyanide polymerizations in
solution catalyzed by nickel(II) were strongly dependent on the presence of oxygen.
Shown in Scheme 4.1 is a proposed polymerization mechanism for isocyanides with Ni
under 02.14b An isocyanide reduces nickel(II) to nickel(I), resulting in a species which
is the active polymerization molecule. Oi can act as a spin trap for the isocyanide
radical cation, allowing for loss of [C>2 -CNR]*+, which yields a very reactive Ni(I)
species with an open coordination site. Coordination of an isocyanide to the nickel(I)
from the solution initiates the polymerization cycle. Because the nickel metal center is
electron rich (anionic) and the coordinated isocyanides are Lewis acids, a migratory
insertion reaction occurs, which lead to propagation of the isocyanide polymerization.
Although it is not clear what exact kind of polymerization mechanism is operative for
imine formation on the Au surfaces, it is reasonable to propose that the mechanism for
formation of imines from monoisocyanide monolayers on Au surfaces is similar to that
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of isocyanide polymerizations in solution catalyzed by Ni(I), which is strongly
dependent on the presence of oxygen.
It can be seen from Scheme 4.1 that the metal-isocyanide complex, free
isocyanide, and Oj are involved in the polymerization of isocyanides in solution. On
the isocyanide-coated Au surface, tiny amounts of water could be present upon
exposure to the ambient, resulting in a thin water film on the modified surface. It is
possible that tiny amounts of Au-isocyanide complexes then form on the waterisocyanide-Au surface, resulting from the dissolution of Au in the presence of
isocyanides, which then act as a potential catalyst for the isocyanide polymerization.
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The water films on the Au would also provide for a solvent environment for transport of
the Au-isocyanide complex. In addition, bound isocyanides on the Au would desorb
into solution to yield free isocyanides due to equilibrium, and would causes growth of
the polymer chain. Under these circumstances, the polymerization of isocyanides can
occur on the modified Au surface.
To test the stability of the purported polymeric isocyanide monolayers on Au
surfaces, the poly(isocyanide)/Au samples were placed in a fresh 0.001 M isocyanide
solution for 24 h. It was found that almost all isocyanide polymer was removed from
the Au surface, as noted by the disappearance of the imine bands in the RAIR spectra.
In addition, a new band at -2224 cm'1 appeared, which is indicative of bound
isocyanides on the Au surface. Obviously, the isocyanide polymers on Au surfaces can
be replaced by the free isocyanides present in the fresh dosing solution. In other words,
the isocyanide polymers on Au surfaces are not capable of preventing the free
isocyanides in the solution from binding to the surfaces. This result is possibly due to
the loose physical binding of the isocyanide polymers to the Au surfaces. In addition,
this proposed physical binding of the isocyanide polymers was also evidenced by
reviewing the RAIR spectra, which show that the isocyanide polymers can be
completely removed from the Au surfaces by placing them in neat acetonitrile for 2 h.
The barrier properties of the poly(isocyanide)/Au surfaces were investigated by
obtaining the voltammetry of Fe(CN)63‘ in aqueous chloride media. It can be seen from
Figure 4.9 that the poly(isocyanide)-coated Au electrode still blocks the approach of
redox species in aqueous solution, although this is slightly decreased when compared to
that of a pristine isocyanide monolayer-coated Au electrode, see Figure 4.4C.
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Figure 4.9

Continuous cyclic voltammetry of 0.002 M Fe(CN)63*/0.2 M KC1 at a
poly(isocyanide)-coated Au electrode. The Au electrode used was
that in Figure 4.4C and was exposed to air for one week.
Conditions: v = 0.025 V s'1, S = 50 x 10* A cm’2.
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However, continuous scanning of the polymeric isocyanide/Au electrode in the redox
solution causes the blocking capability to decrease, a result which is not observed for
the pristine isocyanide monolayer-coated Au electrode. We believe that removal of
poly(isocyanide) from the Au electrode occurs during the continuous electrochemical
scanning.

This polymer removal is due to the weak physical binding of

poly(isocyanide) to the Au.
4.5 Summary
The obtained experimental results demonstrate that monoisocyanides with
various alkyl chain lengths are capable of chemically binding to Au surfaces to form
isocyanide monolayers. The surface coverage, stability in organic environments, and
the electrochemical blocking capability decrease in the order: C|g-NC > C 12-NC > C6NC. It was found that pristine isocyanide monolayers formed on Au surfaces can be
polymerized to generate polymeric isocyanides, poly(imines), upon being exposed to air
or pure oxygen environments for times greater than 24 h. In addition, it was found that
the polymerization is strongly dependent on the presence of oxygen because no obvious
polymerization reaction was observed when nitrogen environments were employed.
The exchange experiments of free isocyanides in solution for polymeric isocyanides on
Au surfaces have shown that the free isocyanides in solution can completely replace
polymeric isocyanides on Au surfaces and bind to the Au surface. Also, the polymeric
isocyanides can be removed from Au surfaces by soaking in acetonitrile. We attribute
these latter experimental results to the physical binding of polymeric isocyanides on Au.
The electrochemical blocking experiments have shown that polymeric isocyanides on
Au can still block the approach of redox species in aqueous solution to the electrode
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surface, but a slight decrease in blocking capability was observed compared to that of a
pristine isocyanide monolayer-coated Au electrode, and this blocking capability was
unstable with respect to continuous electrochemical treatment.
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Chapter 5
Scanning Tunneling Microscopic Analysis of Isocyanide Monolayers and
Multilayers on Au Surfaces
Scanning tunneling microscopy (STM) is a most recent and powerful
microscopic technique developed for the analysis of surfaces.'*3 STM is capable of
directly imaging chemisorbed species on Au surfaces with molecule-level resolution. It
is particularly useful to monitor the self assembly of chemisorbed species on Au
surfaces as a function of time in order to record changes in packing structures as well as
the process of possible multilayer formation.
5.1 STM Analysis of Various Surfaces
STM has been extensively used to image large biological samples, small
molecules physisorbed on surfaces, and thiols self assembled on Au surfaces under
vacuum, ambient, and liquid conditions. It was confirmed by Widrig et al.2 that the
local atomic structure of n-alkanethiols on Au is (V3 x V3)/?30°; this was accomplished
by measuring the lattice spacing of the atomically resolved sulfur atoms on the surface.
In situ STM has also been successfully used to directly observe and characterize
electrode surfaces in solutions containing biological macromolecules,4*6 In addition,
STM has been used to provide structural information for adlayers and the metal
substrate at electrochemical interfaces with true atomic resolution.7*9
As discussed in previous chapters, the RAIR spectra have indicated that, in the
very beginning of the adsorption process, DICHs were self-assembled onto Au surfaces
through the formation of DICH monolayers on Au surface. In the DICH monolayers,
the majority of the DICH molecules are those which are bound to the Au surface
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through both isocyanide moieties. Poly(DICH) multilayers can be formed if the DICH
molecules are present on Au with only one isocyanide group bound to Au (one free
“dangling” isocyanide), and the other free isocyanide group can then react with
isocyanides in solution, provided that catalyst and an initiator are present. In this
chapter, STM was used to monitor the adsorption processes of DICHs on Au, in an
attempt to provide further microscopic evidence to support our proposed mechanism for
the adsorption of DICHs on Au.

In addition, the properties of monoisocyanide

monolayers on A u(IlI) surfaces, as well as the changes in the Au surfaces, after selfassembly of monoisocyanides on Au surfaces were investigated by STM.
5.2 STM Images of Bare A u (lll)
A u (lll) films were prepared by thermal evaporation of Au (see Chapter 2) on
mica sheets freshly cleaved in air. Evaporation of ca. 150 nm of Au onto the mica
followed by annealing at 350 °C in air for four hours results in Au films with large, flat
crystallites (ca. 300 nm), which is dominated by a (111) texture. The prepared
A u(lll)/m ica substrates were stored in pure solvent (ethanol or methylene chloride).
The bare A u(lll) surfaces were imaged to make sure that there was no surface
contamination; i.e. a terrace was atomically flat and featureless. Figures 5.1 and 5.2
show the obtained constant-current STM images of typical bare A u(lll) and the
corresponding cross-sectional profile. The measured vertical distance, corresponding to
the height of a terrace edge, is ca. 0.25 ± 0.03 nm, which is consistent with the Au(l 11)
single-atom step height. In addition, no pits were found on the terraces.
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Figure 5.1

Constant-current STM image o f bare A u (lil) surface obtained in
air. itunncUng = 1.0 nA,
= 0.48 V, Z range = 10.7 nm, and scan
rate = 4.0 Hz. The scan size is 300 nm x 300 nm.
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Sectional analysis of constant-current STM image in Figure 5.1.
Z range = 10.7 nm. The measured step edge height is 0.25 nm.
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5.3 STM Images of Monoisocyanide Monolayers Formed on A u (lll)
Shown in Figure 5.3A is a constant-current STM image of a n-dodecyl
isocyanide/Au(l 11) surface obtained in air. The n-dodecyl isocyanide monolayers were
formed on A u(lll) surfaces by placing the A u(lil)/m ica substrate in 0.001 M ndodecyl isocyanide solutions in methylene chloride for 24 h. Then, the n-dodecyl
isocyanide/Au(U I) surfaces were rinsed with copious amounts of methylene chloride
and blown dry with high-purity nitrogen gas before imaging. Compared to the STM
image of the bare Au(l I l)/mica surface in Figure 5.1, obvious differences are observed
in the obtained STM image of the n-dodecyl isocyanide/Au(l 11) surface; a large
number of pits was observed on the n-dodecyl isocyanide/Au(lll) surface, which is
very similar to the STM images of alkanethiol/Au(lll) surfaces initially reported by
McCarley et al.3 It is believed that the pits observed in the n-dodecyl
isocyanide/Au(l 11) surface are defects which form in the Au(l 11) during the n-dodecyl
isocyanide adsorption process. In the adsorption process, coordination of the n-dodecyl
isocyanide increases the Au mobility due to the strong Au-CN binding and the
consequent decrease in Au-Au bonding. In addition, it is also possible that Au may
dissolve to some extent in the presence of isocyanides. Another alteration is that which
focuses on reconstruction of the Au due to “shrinkage” of the Au atoms as a result of
RNC binding. The measured pit depth is ca. 0.25 ± 0.03 nm, which is identical to the
Au( l l l ) single-atom step height, and indicates that the pits are not defects in the
monolayers, but rather pits in the Au covered with isocyanide molecules (see model in
Figure 5.3B).
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Figure 5.3A

n-dodecylisocyanide monolayer on A u (lll). /tunndin* = 1.2 nA,

=

0.48 V, Z range = 10.7 nm, and scan rate = 4 Hz. The scan size is 250
nm x 250 nm.

Figure 5.3B

Cartoon depicting pit features on A u (lll) surface. The pits are
single*atom Au step heights and filled with monoisocyanides. The
tilt of the alkane chains in the cartoon is arbitrary.
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To probe whether or not the pits on the RNC/Au(l 11) surface were mobile, a
series of experiments that involved varying the tunneling parameters was carried out.
STM tip/sample interactions could also lead to pit diffusion on the RNC/Au surface
because it has been shown that the frictional forces between tip and sample in STM
experiments with RSH/Au can be quite high, and the frictional energy dissipation can
cause pit diffusion. In addition, even though mild tunneling parameters were used here,
the tip is still likely to penetrate the monolayers to some extent, resulting in pit
diffusion.

To investigate the possibility of pit diffusion during the STM imaging

process, continuous scanning of the same scan area was carried out using mild tunneling
parameters (/tunneling

1 0 nA, Ebias ~= 0.5 V). No obvious change was observed after

20 scans were performed. The STM tip bias was then adjusted so that the tip was
extremely close to the surface (Ebias = 0.01 V). It was found that the surface was still
unchanged even though the monolayer disruption could occur under this experimental
condition.
5.4 STM Images of Diisocyanide Monolayers Formed on A u (lll)
As discussed in Chapter 3, two methods were used to form diisocyanohexane
(DICH) monolayers on Au with both isocyanide moieties bound to the Au surface, as
shown in Figures 3.8A and 3.8B in Chapter 3. Method (A) is to place the Au surface in
dilute DICH dosing solutions (~ 0.001 M) for long exposure times (~ 24 h). Method
(B) is to place the Au surfaces in highly concentrated DICH dosing solutions (-0.1 M)
for short exposure times (-2 min). The RAIR spectra indicate that the diisocyanide
monolayer generated by method (A) has a lower surface coverage compared to that
generated by method (B). Although there are differences in the structures of the doubly
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bound DICH layers prepared using the two methods, these differences are very slight
when inspecting the RAIR spectra.
Shown in Figures 5.4 and 5.5 are the current-constant STM images (typical of
each) of DICH monolayer/Au(li 1) surfaces generated by method (A) and method (B),
respectively. It can be seen that the obtained STM images are quite similar to each
other. The measured pit depth present in both of the images is ca. 0.25 ± 0.04 nm,
which strongly indicates that no significant amounts of poly(DICH) were present on the
Au surface when either method (A) or (B) was used to form DICH monolayers on Au.
Comparing the images in Figures 5.4 and 5.5 with that in Figure 5.3A, it is noted that
the number-density of pit features in Figures 5.4 and 5.5 is much larger than in Figure
5.3A, and the size of pit features is bigger too. As mentioned above, the Au atoms
bound to isocyanides result in an increased mobility of Au atoms due to the decrease in
Au-Au bonding. In contrast, the strong chain-chain interactions in the monolayers can
provide some barrier to the Au motion. It was concluded in Chapters 3 and 4, based on
the RAIR spectra, that the DICH monolayers were in a disordered environment, and
comparatively, the n-dodecyl isocyanide monolayers were in a somewhat ordered
environment; i.e. the chain-chain interactions in the n-dodecyl isocyanide monolayers is
stronger than those in the DICH monolayers. As a result, less barrier to the diffusion of
Au atoms is expected on the DICH monolayer/Au(lll) surface, thus resulting in a
larger number density of pit features.

The large size of pits on the diisocyanide

monolayers/Au(ill) is possibly the result of an Ostwald-ripening mechanism, i.e. large
pits grow at the expense of small pits by diffusion of single-atom vacancies.10

no
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Figure S.4

DICH monolayer on A u (lll) surface obtained in air with itunnMm=
1.0 nA, EM,. = 0.42 V, Z range = 19.5 nm and scan rate = 5 Hz. The
scan area is 300 nm x 300 nm. The DICH monolayer was formed by
placing the A u (lll) substrate in 0.1 M DICH in methanol for 2 min.
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Figure 5.5

DICH monolayer on A u (lll) surface obtained in air with i*—
=
0J1 nA, EM.. = 0.42 V, Z range = 19.5 nm and scan rate = 5 Hz. The
scan area is 150 nm x 150 nm. The DICH monolayer was formed by
placing the A u (lll) substrate in 0.001 M DICH in methanol for 24 h.
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It was first reported by McCarley et al.3b that, during STM imaging, the pits on
n-alkanethiol/Au(l 11) surfaces migrate to crystal step edges at rates independent of the
alkanethioi chain length. Furthermore, it was speculated that pit motion is due to labile
Au-S bonds and mobile Au atoms. Similar phenomena were observed in my STM
experiments by imaging the DICH monolayer/Au(ill) surface formed by 24 h soaking
of the Au(lll)/m ica substrate in 0.001 M DICH dosing solutions. Shown in Figure
S.6 B is the current-constant STM image obtained by 4 continuous scans of the areas
shown in Figure S.6 A. It can be seen that the pits have coalesced by diffusion of pits to
the step edges. Considering the disordered packing of the DICH monolayers and the
high tunneling bias used here, it seems that the STM tip can easily penetrate through the
monolayers and approach extremely close to the A u(Ill). Therefore, some kind of
strong interactions between the STM tip and the monolayers or the STM tip and
A u (ill) can be expected, causing pit diffusion or ejection of Au atoms from the
surface. 1 1 ,1 2 Diffusion of the pits to the terrace edges can be explained by the mobility
of Au atoms. It is possible for unbound Au atoms at pit edges to diffuse to another
location in the pit. Also, the bound Au atoms could possibly diffuse to a vacancy at
another location in the pit. Repeating this process would cause net motion of the pit.2b
Shown in Figure 5.7 is a representative current-constant STM image of 1,4phenylene diisocyanide monolayer on A u (lll). These monolayers on A u (lll) were
prepared by placing the Au(l 1l)/mica substrates in 0.001 M 1,4-phenylene diisocyanide
solution in ethanol for 24 h. The 1,4-phenylene diisocyanide molecules are bound to
Au with only one isocyanide functionality, as noted by the presence of the vf-NsCy ^
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(A)

Figure 5.6

(B)

DICH monolayer on A u (lll) surface obtained in air with i*.—n~, =
1.0 nA, E mm s 0.11 V, Z range = 10.7 nm, and scan rate = 6 Hz. The
scan area is 100 nm x 100 nm. The DICH monolayer was formed by
placing the A u (lll) substrate in 0.001 M DICH in methanol for 24 h.
Figure 5.6B was obtained after 4 continuous scans of the area shown
in Figure 5.6A.
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Figure 5.7

1,4-phenylene diisocyanide monolayer on A u (lll) surface obtained
in air with imnnetine = 0.31 nA, £ mm = 0.42 V, Z range = 19.5 nm, and
scan rate = 5 Hz. The scan area is 200 nm x 200 nm. The monolayer
was formed by placing the A u (lll) substrate in 0.001 M 1,4phenylene diisocyanide in methanol for 24 h.
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and v(-N=C)frcc stretching modes in the RAIR spectra13. As can be seen in Figure
5.7, some pits are present on the terraces, as well as larger defects resulting from pit
migration/coalescence. Once again, the measured pit depth is ca. 0.25 ± 0.03 nm, which
indicates that the pits are Au defects coated with 1,4-phenylene diisocyanide
monolayers.
5.5 Adsorption o f Diisocyanides onto A u (lll) Monitored by STM
In the adsorption process of DICH onto Au surfaces with high concentrations of
DICH in the dosing solution, it was concluded by RAIR spectra that DICH monolayers
were first formed with two isocyanide groups bound to Au, then a singly-bound DICH
layer was formed and finally poly(DICH) multilayers were formed through the coupling
of free isocyanide functionalities present on the surface with isocyanide functionalities
present in the dosing solution, resulting in multiplayer, polymeric DICH layers. The
film thickness can increase considerably during exposure of Au substrates to solutions
containing a strong catalyst (~10*2 M H+). To further verify the RAIRS results and
record the morphological changes during the adsorption process, the STM was utilized
to monitor the adsorption process as a function of adsorption time.
Shown in Figures 5.8 are some representative constant-current STM images of
DICH/Au(l 11) surfaces obtained at various exposure times. The first STM image in
Figure 5.8A was obtained by placing Au(l 1l)/mica substrates in the methanolic 0.1 M
DICH solution for 2 min. As discussed above, the obtained STM image was similar to
the STM image of pristine n-dodecyl isocyanide/Au(l 11) surfaces, as noted by the
presence of pit features with similar depths in both of the images. It is concluded based
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Figure 5.8A DICH monolayer on A u (lll) surface obtained in air with L —
=
1.0 nA, £b<ai = 0.42 V, Z range = 19.5 nm, and scan rate = 5 Hz. The
scan area is 600 nm x 600 nm. The DICH monolayer was formed by
placing the A u (lll) substrate in 0.1 M DICH in methanol for 2 min.
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Figure 5.8B DICH multilayer on A u (lll) surface obtained in air with L —
=
0.3 nA, Emm = 0.48 V, Z range = 19.5 nm, and scan rate = 5 Hz. The
scan area is 450 nm x 450 nm. The DICH multilayer was formed by
placing the A u (lll) substrate in 0.1 M DICH in methanol for 7 h.
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Figure 5.8C DICH multilayer on A u (lll) surface obtained in air with L —
=
0.3 nA, Ehim - 0.42 V, Z range = 19.5 nm, and scan rate = 5 Hz. The
scan area is 450 nm x 450 nm. The DICH multilayer was formed by
placing the A u (lll) substrate in 0.1 M DICH in methanol for 48 h.
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on the RAIR spectra and STM images that diisocyanide monolayers with both
isocyanides bound to Au are formed during short adsorption times (<10 min). Figure
S.8 B shows the obtained STM image of a Au(l 1l)/mica substrate after 7 h exposure in
the dosing solution. It can immediately be seen from Figure S.8 B that this surface does
not display the same features observed in Figure 5.8A. It would appear that polymer
globales are present, as noted by the rough surface. Because the DICH/Au(ll L) surface
was rinsed with copious amounts of methanol prior to imaging, it was ensured that the
physically adsorbed poly(isocyanides) had been removed from the surface. Therefore,
it is believed that DICH molecules continuously deposit onto the A u (lli) through the
formation of poly(DICH) multilayers, thus resulting in the growth of a polymeric film
thickness. Figures S.8 C shows the typical STM images of Au(lll)/m ica substrates
soaked for 48 h in the dosing solution. It was found by the sectional analyses that the
film thickness continuously increased with dosing time. In addition, at 48 h the surfaces
have become so “fuzzy” that the terrace edges on Au(l 11) are almost unidentifiable. In
these circumstances, the STM tip most likely penetrates through the films and damages
the films upon extensive scanning, leading to noisy or fuzzy images. Thus, even though
large bias and small tunneling current parameters were used, it was difficult to obtain
clear STM images.
5.6 Summary
The STM images for diisocyanide monolayer/Au(lll) and monoisocyanide
monolayer/Au(lll) were obtained in air. It was found that the surface of
monoisocyanide monolayers on Au is similar to that of alkanethiol monolayers, as
noted by the observation of a large number of pits on A u (lll), which are Au defects
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formed during the adsorption process.

It was confirmed by STM that the DICH

monolayers can be formed on A u (iil) by using either high dosing concentrations and
short dosing times or low dosing concentrations and long dosing times. In addition, the
pits on DICH/Au(lll) surfaces were found to diffuse to step edges during STM
imaging due to strong STM tip/sample interactions. The adsorption of DICH films onto
A u(lll) as a function of dosing time was monitored by STM. The obtained STM
images indicate that poly(DICH) multilayers are formed on Au, with the thickness of
the DICH film growing with increased dosing time.
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Chapter 6
Conclusions and Future Directions
6.1 Conclusions
The successful formation and characterization of 1,6-diisocyanohexane (DICH)
molecules self assembled onto Au and Pt is realized in this thesis. It is found, based on
reflection-absorption IR (RAIR) spectra, that DICH can form either a monolayer or
polymeric multilayer on Au by exposure of Au substrates to methanolic solutions of
DICH.

When the concentration of DICH in the dosing solution is < -0.001 M,

monolayers consisting of molecules with both isocyanide moieties bound to the Au
surface result.

At DICH concentrations >i -0.005 M, monolayers consisting of

molecules with both isocyanide moieties bound to the Au surface are formed when the
dosing time is < 10 min. Poly(DICH) layers are formed on the Au with increased
dosing time when the DICH concentration is > -0.005 M, as noted by the presence of
infrared bands associated with the poly(DICH) backbone (imine stretches) in the RAIR
spectra. From the observed intensities of the methylene and imine bands, it is noted that
the amount of polymeric material on the Au surface increases with dosing time.
Cyclic voltammograms of solution-phase redox probes at poly(DICH)-coated
electrode surfaces (both Au and Pt) demonstrate that the poly(DICH) layers are
effective transport barriers.

In addition, the DICH films are quite effective at

preventing oxide formation on Pt and Au surfaces. It is found that 95% of the Pt
surface and 82% of the Au surface is inaccessible with respect to oxide formation.
The barrier capabilities of the poly(DICH) films are found to be irreversibly
diminished upon exposure to non-aqueous environments.

Some fraction of the
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poly(DICH) layers on Au and Pt surfaces is removed upon exposure to the non-aqueous
solvent, as noted by the increased electrochemical response of an aqueous-phase redox
probe before and after voltammetry of the DICH-coated Au or Pt electrode is performed
in the non-aqueous solvent.
The deposition mechanism of DICH and its polymers on Au surfaces under high
concentrations of dosing solution (> -0.005 M) is proposed based on the obtained RAIR
spectra. A DICH monolayer composed of molecules with both end groups bound to the
substrate exists during short dosing times. With increased dosing time, the monolayer
with doubly bound DICH molecules begins to convert to a film which has a structure in
which a great majority of the molecules are bound to the metal with only one isocyanide
group, a result which is due to the increased competition for Au binding sites by
solution-phase DICH; the resulting layer has pendant isocyanide groups at the dosing
solution/monolayer interface. The exposed isocyanide termini then react with
isocyanides in solution (provided that a catalyst and initiator are present) to form
poly(DICH) layers on the metal surface.
The presence of IF in the DICH dosing solution promotes the formation of
poly(DICH) during the adsorption process on Au substrates. Up to a 50% increase in
the intensity of the imine band is found when compared to the case where no acid is
added to the dosing solution. It is concluded that the formed poly(DICH) film is much
less compact than those where IF has not been added, as noted by the extremely poor
transport barrier capabilities.
Ni2+ is found to act as an effective reagent for cross-linking poly(DICH) films.
RAIR spectra clearly demonstrate that free isocyanides in poly(DICH) films are
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converted (-90% decrease in integrated band intensity) to the imine (-90% increase in
integrated band intensity) by placing a poly(DICH)-coated Au film in 0.1 M NiCl2 for
24 h. In addition, much greater blocking of solution redox species is observed after the
film is treated with aqueous Ni2+.
The mechanism for cross-linking of the DICH films catalyzed by aqueous Ni2+
is not clear. The obtained RAIR spectra data do not indicate a cross-linking of the
DICH films as result of free isocyanide functionalities merely binding to Ni2+ (chelative
crossing linking). In addition, there is no electrochemical evidence for the presence of a
Ni2+-isocyanide complex, which would act as a template for chain propagation, in the
film; future work with X-ray photoelectron spectroscopy (XPS) could be performed to
rule out such a route. 1 Another possibility is that a tiny amount of Au is dissolved in the
DICH dosing solution to form a Au-isocyanide complex, which causes the
polymerization. 2 Therefore, atomic emission spectroscopy (AES) could be used to
inspect for Au dissolved in the DICH dosing solutions. 3
Free isocyanides in poly(DICH) films can be eiectrochemically converted to
isocyanates, as noted by the dramatic decrease in the intensity of the free isocyanide
band, and the appearance of an isocyanate band in the RAIR spectra. The bound
isocyanides are found to be very stable during electrochemical oxidation of the
poly(DICH) films.

In addition, it is observed that the blocking capabilities of the

poly(DICH)/Au electrode after being eiectrochemically oxidized are considerably
increased when compared to that of the poly(DICH)/Au electrode prior to being
oxidized.
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RAIRS

and

electrochemical

methods

are

used

alkylmonoisocyanide monolayers self assembled on Au.

to

characterize

n-

The molecules in the n-

alkylmonoisocyanide monolayers are bound to only one Au atom . 4 The RAIR spectra
indicate that the C|g-NC monolayer is highly ordered (crystalline-like), while the C6 -NC
is disordered (liquid-like) and the C 12-NC monolayer is somewhat in between. The
surface coverage of the n-alkylisocyanides on Au. estimated by the integrated intensities
of the bound isocyanide band in the RAIR spectra, increases with increasing alkyl chain
lengths.
It is concluded that the chemically bound isocyanides on Au are not polymerized
on the surface during the adsorption process because no imine bands are present in the
RAIR spectra; the polymerization of diisocyanides on Au surfaces takes place through
the reaction of free isocyanide groups with each other.
The stability of monoisocyanide monolayers on Au is evaluated by placing the
monoisocyanide-coated Au substrates in neat acetonitrile for 2 h. It is found that 8 %,
24%, and 45% of Cig-NC, C 12-NC, and C6 -NC monolayers are removed from the Au
surface, respectively, while some acetonitrile molecules are adsorbed on the Au. The
RAIR spectra obtained in the stability experiment indicate that the acetonitrile
molecules can replace, to various degrees, the isocyanide monolayers on Au, and bind
to the Au via the nitrogen atom (o-bonding).
The blocking characteristics of the monoisocyanide-coated Au surfaces are
investigated by electrochemical measurements. It is found that the blocking capabilities
of the monoisocyanide/Au electrode increase with increasing alkyl chain lengths. Due
to the fact that acetonitrile can break the isocyanide-Au bond, resulting in removal of
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isocyanides from the Au, the monoisocyanide/Au electrode demonstrates very weak
blocking capabilities toward the approach of solution-phase redox species (ferrocene in
acetonitrile) to the electrode surface.
Oxide stripping5 was used to estimate the surface coverage of ra-alkyl
isocyanides on Au surfaces. By comparing the integrated cathodic peak associated with
the reduction of gold oxide at the monoisocyanide/Au electrode with that at a bare Au
electrode, it is estimated that -80%, -70%, and -60% of the electrode is covered with
Cig-NC, C 12-NC, and C6 -NC, respectively. It is concluded that the surface coverage of
isocyanide on Au increases with increasing alkyl chain length.
The STM images of DICH/Au(lll) with low concentrations of DICH in the
dosing solution and n-alkylmonoisocyanide/Au(lll) are obtained in air. The surface
features of monoisocyanide monolayers on Au(l 11) are similar to those of n-alkanethiol
monolayers on A u ( l l l ) , 6 which are characterized by a large number of adsorbatercovered Au “pit” vacancies. It is found that the pits in the DICH monolayer/Au(l 11)
diffuse to step edges during the process of STM imaging due to strong STM tip/sample
interactions.
The adsorption of DICH onto Au(lll) under high DICH concentrations is
monitored by STM as a function of dosing time.

DICH monolayers with both

isocyanides bound to Au are formed at short adsorption times (< 10 min). Then,
poly(DICH) is formed and the thickness of the poly(DICH) film increases with the
increasing dosing time, which is consistent with the RAIRS results.
The air stability of monoisocyanide monolayers on Au is tested by exposing the
Au substrate to air for 4 days and recording any change in the monolayer structure by
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RAIRS. The obtained RAIR spectra indicate that almost all isocyanides are polymerized
on the Au surface, resulting in the formation of physically bound poly(isocyanide).
Similar results are obtained for the poly(DICH)/Au surfaces upon exposure to air for
one week.

No obvious changes are observed in the RAIR spectra when either

poly(DICH)/Au or n-alkylmonoisocyanide/Au are exposed to nitrogen environments for
similar amounts of time. It is concluded that bound isocyanides can be polymerized on
Au surfaces in the presence of O2 , and the generated poly(isocyanide) is physically
bound to the Au surface.
It is not clear what kind of polymerization mechanism describes the
polymerization of bound isocyanides on Au surfaces in the presence of O2 . It is
proposed in Chapter 4 that tiny amounts of Au-isocyanide complex can possibly be
formed on the Au surface, thus acting as a template for chain propagation. In addition,
free isocyanides, resulting from bound isocyanides, should be involved in the migratory
insertion step, which leads to isocyanide polymerization on the surface. Future work
with XPS could be carried out to investigate the possible presence of tiny amounts of
Au-isocyanide complexes on the surface. 1 In addition, because the generated
poly(isocyanide) is physically bound to Au, chemical desorption of the isocyanide
polymer could be performed by using an organic solvent. Then, mass spectral analysis
of the desorbed material could be used to confirm the poly(isocyanide) formation on Au
in the presence of O2 ; thus the molecular weight distribution could be obtained. 7
6.2 Potential Applications and Future Work
The basis of a biosensor is the coupling of a biological sensing element with a
transducer.

Immobilization of the biological molecule is a particularly demanding
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aspect of the fabrication of biosensors as the immobilization procedure must maintain
the biorecognition molecule close to the transducer surface, and enhance the stability of
the biological molecule. One of the potential applications of self-assembled Films
(SAFs) is in the fabrication of biosensors including immunosensors, DNA hybridization
biosensors, and enzyme biosensors, in which biological sensing molecules (such as an
enzyme, cell, or antibody) 8 are immobilized on the surface of a transducer through the
use of SAFs, resulting in a highly controlled molecular architecture of the recognition
interface. 8

The biological molecules can be bound to preformed SAFs through

electrostatic binding or direct covalent bonding. The direct immobilization (covalent
bonding) of biological molecules to preformed SAFs can be realized by coupling amine
functionalities in biological molecules to the terminal groups (e.g. carboxylic acid,
ester, isocyanate, etc.) of the SAFs.9 ' 11
It is found in this thesis that DICH can form cross-linked poly(DICH) on Au and
Pt surfaces with enhanced stability in organic media.

In addition, the free isocyanide

groups in the poly(DICH) can be easily converted to isocyanates by electrochemical
oxidation, as discussed in Chapter 3.

Therefore, in future work, crossed-1 inked

poly(DICH) films containing free isocyanate groups could be used to immobilize
biological molecules containing amine functionalities. Such films could be used for
studying electron transfer between biological molecules and electrodes, and for the
fabrication of biosensors. One of the potential advantages of the poly(DICH)-coated
biosensor is that the polymeric support, poly(DICH), would enhance the stability of the
biological molecule on the support. 12,13 In addition, the studies in this thesis have
shown that polymeric poly(DICH) is bound to Au and Pt more strongly than
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monoisocyanide monolayers and thiol monolayers when exposed to organic solventcontaining environments. Also, the molecular architecture of the poly(DICH)-coated
biosensor can be easily monitored and characterized by RAIRS.
SAFs have also been used as corrosion inhibitors for metal surfaces. 1 4 1 5 Thiols
(n-alkyl thiols) have been used as protective films that prevents aqueous and
atmospheric corrosion of the ultrafine copper parts of electronic devices. However, the
corrosion protection abilities of the thiol film are not high enough. 16
It is found in this thesis that polymeric poly(DICH) bound to metal surfaces has
potential applications in the field of corrosion-prevention of metal surfaces. The
polymeric poly(DICH) films on Au and Pt are found to be more stable than
monoisocyanide films in organic solvents. Such poly(DICH) films on Pt are capable of
completely preventing oxidation of the Pt surface. In addition, the blocking capability
of the poly(DICH) films on Au can be considerably improved by treatment with
aqueous Ni2+ solution due to the increase in the cross-linking of the poly(DICH) films.
It is found that the poly(DICH) films are extremely stable in acidic and basic
environments because no obvious change of the blocking capability has been observed
after the poly(DICH)-coated Au and Pt electrodes have been immersed in aqueous
acidic or basic solutions for one month, as shown in Figure 6.1. In addition, the
blocking capability of the poIy(DICH)-coated Au and Pt electrodes remains unchanged
after their exposure to air for one month even though the po!y(DICH) films are
physically rather than chemically bound to the metal surfaces after exposure. Also, the
poly(DICH) films are more stable than monoisocyanide films in organic solvents
because the po!y(DICH) films can efficiently prevent the solvents from approaching the
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Figure 6.1

Cyclic voltammetry of 0.002 M FefC N ^A U M KCI at a Ft
electrode with various treatments. (A) No treatment. (B) Exposure
to 1 M DICH for 24 h, then, exposure to 0.1 M H+ for 1 day (C)
Electrode in (B) was exposed to 0.1 M H+ for 30 days. Conditions for
A-C: v = 0.025 V s ', S * 50 x 10* A cm*2.

metal surfaces; for example, no acetonitrile band is observed in RA1R spectra of
poly(DICH)-coated substrates that were immersed in pure acetonitrile solution for 2 h.
Therefore, the poly(DICH) films have potential applications in the field of metalcorrosion prevention. Also, future work on corrosion prevention using poly(DICH)
films should include studies of other metals such as cobalt, nickel, and copper by using
electrochemical measurements, RAIRS, and XPS. These metals were chosen because
of the affinity of isocyanides for them.
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